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Abstract 
In Nature, hybrid materials with hierarchical structure are formed by biomineralization of 
organic macromolecules that act as templates for the nucleation and/or growth of the inorganic 
component. The building blocks of the natural organic macromolecules provide the template 
architectures that result in chemical and morphological diversity in the inorganic phases. Inspired 
by the formation of biominerals in living organisms, novel organic-inorganic hybrid materials 
have been designed and developed by biomimetic routes. There is a growing interest in using 
synthetic polymers, engineered proteins, and various polymer-based hybrid architectures as 
templates for bioinspired synthesis.  
In this work, we have used amphiphilic block copolymers as well as block copolymer-protein 
conjugates that undergo hierarchical self-assembly to form nanoscale micelles and macroscale 
gels as templates for controlled nanocomposite formation within the polymeric matrix. The 
amphiphilic block copolymers that were generated based on Pluronics are unique systems that 
can reversibly self-assemble into macroscale elastic solids in solution, based on pH and 
temperature changes. The efforts were focused on three systems—calcium phosphate 
nanocomposites, zirconia nanocomposites, and magnetic nanocomposites.  
We have developed a robust method with control over the formation as well as placement of 
an inorganic phase in the nanocomposite structure, for a variety of different inorganic 
nanoparticles, such as calcium phosphate, zirconia and magnetic nanoparticles. The future work 
will be focused on using biominerlization proteins to create functional dynamic magnetic 
materials and nanostructures both in solution and on surfaces.  
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Chapter 1 General Introduction 
1.1 Introduction 
In Nature, hybrid materials with hierarchical structure, such as bone,
1
 shell,
2
 and sea sponge 
skeleton,
3
 are formed by biomineralization of organic macromolecules that act as templates for 
the nucleation and/or growth of the inorganic component. The building blocks of the natural 
organic macromolecules provide the template architectures that result in chemical and 
morphological diversity in the inorganic phases that they form.
4,5
 Calcium carbonate,
6,7
 calcium 
phosphate,
8,9
 silica,
10,11
 and iron oxide,
12
 etc. are synthesized by organisms from simple precursors 
under mild reaction conditions, resulting in highly ordered hierarchical structures, ranging from 
the nano-level to the macro-level. Inspired by the formation of biominerals in living organisms, 
novel organic-inorganic hybrid materials have been designed and developed by biomimetic routes. 
These materials have the potential to be used in catalysis, biosensing, optics, electronics, 
medicine and as structure-supporting materials.
13–16
 Synthetic polymers,
17
 polysaccharides,
18
 
peptides,
19
 DNA molecules,
20
 and proteins
21
 have been used in bio-inspired syntheses as matrices, 
scaffolds and templating agents.  
There is a growing interest in using synthetic polymers, engineered proteins, and various 
polymer-based hybrid architectures as templates for bioinspired synthesis.
22–24
 Polymer templates 
have the advantage of molecular-level control and exhibiting macroscale hierarchical order.
25
 
Block copolymers, which consist of two or more covalently bonded single polymer blocks with 
different physical and chemical properties, have attracted researchers’ attention as templates for 
the controlled synthesis of multi-scale hybrid inorganic materials.
26–28
 Block copolymers have the 
capability of self-assembling into a variety of microdomain morphologies (lamellae, hexagonally 
packed cylinders, spheres, etc.) in both solution and bulk. These structures usually fall in the 
range of a few nanometers up to several micrometers.
26,28,29
 Many block copolymers undergo 
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micellization and gelation processes in solvent media. The micellization process in block 
copolymers mainly depends on the critical micelle temperature (CMT) and the critical micelle 
concentration (CMC). Self-assembly of block copolymers will occur when the CMT and the 
CMC are reached.
26
 Recent advances in living radical polymerization methods have allowed for 
the facile synthesis of block copolymers from functional monomers, and for adding functional 
blocks to the existing block copolymers. Therefore, desired functional block copolymers can be 
built to control the interfaces with very different chemical nature, polarity, and cohesion energy.
30
 
Self-assembling, nontoxic, biocompatible, and inexpensive block copolymers are under 
investigation for use as templates for biomineralization. Pluronics belong to this category of 
polymers. They are a family of amphiphilic triblock copolymers with hydrophilic polyethylene 
oxide (PEO) end segments, and a hydrophobic polypropylene oxide (PPO) mid-segment.
31
 
Pluronics exhibit reversible thermoresponsive micellization and gelation.
32
 The hydrophobic 
segments pack together to form the inner cores of micelles, driven by the hydrophobic effect. The 
hydrophilic parts, however, preferentially dissolve in water. The balance between these forces 
drives the formation of micelles in aqueous solution.
33
 The CMC and CMT decrease with an 
increase of PPO content or molecular weight in the copolymer. The CMC of aqueous Pluronic 
solutions decreases with increasing temperature.
34
 Previously in our group, atom transfer radical 
polymerization (ATRP) was used to add poly(2-diethylaminoethyl methacrylate) (PDEAEM) 
blocks to each end of triblock Pluronic F127 to obtain an amphiphilic, polycationic pentablock 
copolymer. This pentablock copolymer retains the thermoresponsive micellization and gelation of 
the original Pluronic, and has added pH sensitivity from the PDEAEM blocks.
35
  
However, the use of synthetic polymer templates alone does not provide enough biological 
specificity for controlled growth of the inorganic phase. Biomolecules, such as proteins, 
polypeptides, cellulose, chitosan, and nucleic acids are used to control assembly and formation of 
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functional organic-inorganic hybrid materials.
7,36–38
 Conjugation of synthetic polymers and 
biomolecules allows combining the structural and functional control of biomolecules with the 
versatility of synthetic polymer.  
In this work, we have used amphiphilic block copolymers as well as block copolymer-protein 
conjugates that undergo hierarchical self-assembly to form nanoscale micelles and macroscale 
gels as templates for controlled nanocomposite formation within the polymeric matrix. The 
amphiphilic block copolymers that were generated based on Pluronics are unique systems that 
can reversibly self-assemble into macroscale elastic solids in solution, based on pH and 
temperature changes. The efforts were focused on three systems—calcium phosphate 
nanocomposites, zirconia nanocomposites, and magnetic nanocomposites.  
Calcium phosphates, notably HAp [Ca10(PO4)6(OH)2], exhibit many levels of hierarchical 
structures in bone, from nano to macro scales.
39
 Bone is a highly ordered, dynamic, and highly 
vascularized tissue that exhibits excellent strength, hardness and fracture toughness. It is a 
biocomposite of 70% mineral (mostly nanoscale calcium phosphate crystals) and 30% organics 
(including collagen, glycoproteins, proteoglycans, and sialoproteins) by dry weight.
40,41
 
Nanoscale collagen fibrils are templates for the growth of the calcium phosphate inorganic phase, 
thereby forming a hierarchically ordered structure with unique properties. 
Magnetic nanoparticles of about 50 nm are in great demand for many applications, such as 
magnetic recording, drug delivery and quantum computing.
42
 Magnetotactic bacteria form 
magnetite nanoparticles in vivo with various morphologies.
43
 The magnetospirillum magneticum 
strain AMB-1 produces a chain of cuboctahedral magnetite nanocrystals, each surrounded by a 
lipid bilayer membrane. Several proteins isolated from the magnetosome membranes showed 
common features in their amino acid sequences, which contain hydrophobic N-terminal and 
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hydrophilic C-terminal regions. The C-terminal regions in Mms5, Mms6, Mms7, and Mms13 
contain clustered carboxyl and hydroxyl groups that bind iron ions. Nano-sized magnetic particles 
similar to those in magnetotactic bacteria were prepared in vitro by chemical synthesis of 
magnetite in the presence of the protein Mms6.
44
 These proteins may be directly involved in 
biological magnetite crystal formation in magnetic bacteria. We have used Mms6 along with the 
block copolymers as templates for magnetic nanocomposite synthesis.  
Many efforts to synthesize zirconia have been made, because of its applications in catalyst, 
adsorbents, biosensors, and fuel cells.
45
 Templating is one of the most promising methods, 
because of low cost and mild synthesis conditions. We have developed a bio-inspired bottom-up 
approach to synthesize zirconia nanocomposite using our unique self-assembled cationic block 
copolymer as well as block copolymer-lysozyme conjugates as templates in completely aqueous 
media. Furthermore, removing the organic component of the hybrid material creates high surface 
area mesoporous zirconia.  
1.2 Overall Objectives 
Biomimetic synthetic routes offer the opportunity to control size, shape, composition, crystal 
structure, orientation, distribution and hierarchical organization of nanoscale assemblies, which is 
difficult to achieve using conventional techniques. The objectives of this doctoral work are to 
design functional templates, and explore biomimetic routes for the development of hierarchically 
self-assembled unique functional materials suitable for a variety of different applications. 
We have designed hierarchically self-assembling polymer templates as well as their 
conjugates with mineralization proteins and peptides to provide bioinspired templates for hybrid 
nanocomposites with hierarchical order. We have used the developed templates and the 
bioinspired synthesis approach to synthesize three different classes of materials: calcium 
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phosphate nanocomposites, mesoporous zirconia, and magnetic nanoparticles. The synthesized 
materials were characterized by thermogravimetric analysis (TGA), X-ray diffraction (XRD), 
transmission electron microscopy (TEM), scanning electron microscopy (SEM), and small angle 
scattering techniques. Our collaborators have also characterized the materials by surface area 
measurement and solid state nuclear magnetic resonance (NMR). 
1.3 Dissertation organization 
The thesis is organized into eight chapters. Chapter 2 is a literature review about bioinspired 
synthesis of organic/inorganic nanocomposites mediated by different biomolecules, which 
include protein, peptides, DNA and polysaccharides. This chapter has been published as a book 
chapter in the book “On Biomimetics” (ISBN: 978-953-307-271-5). Chapter 3 is modified from a 
paper published in Chemistry of Materials. It focused on the use of small amounts of citrate in the 
bioinspired synthesis to control the size of the calcium phosphate nanocrystals in the 
nanocomposites, similar to what is seen in bone growth. Chapters 4 and 5 are focused on 
synthesis of mesoporous zirconia templated by cationic pentablock copolymers and block 
copolymer-lysozyme conjugates. Chapter 4 is focused on the synthesis of the templated 
mesoporous zirconia formed in completely aqueous media, and has been published in Science of 
Advanced Materials. Chapter 5 is focused on the effects of various parameters, such as 
temperature, pH and precursor concentration, on the Pluronic-lysozyme templated mesoporous 
zirconia. Chapter 6 deals with investigation of the biomineralization protein Mms6 found in 
magnetotactic bacteria, and optimization of the conditions of using this protein to mediate shape 
and size selective synthesis of magnetite and other magnetic nanocrystals. Chapter 7 is focused 
on the investigation of Mms6 and its interaction with iron ions in solution. Chapter 8 covers the 
conclusions and ongoing work of the project. 
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Chapter 2 Bioinspired synthesis of organic/inorganic nanocomposite 
materials mediated by biomolecules 
(Modified from a review paper published as a book chapter in “On Biomimetics”, ISBN: 9 8-
953-307-271-5, InTech, 2011) 
 
Xunpei Liu and Surya K. Mallapragada 
 
Abstract   
This review will discuss the use of biomolecules such as proteins/peptides as templates for 
bioinspired synthesis in different organic/inorganic hybrid material systems. Nature provides 
elegant examples of hierarchical structures that are hybrid materials formed by the mineralization 
of inorganic phases on organic templates, such as bones and shells, which are produced by natural 
organisms for support or protection purposes. In Nature, organic templates such as proteins, 
peptides, and polysaccharides, with ordered functional groups can facilitate and direct the 
structure and morphology of the inorganic phase. Bioinspired synthetic routes mimic the process 
of biomineralization, using biomolecules to develop novel advanced materials. This will offer an 
opportunity to create materials under mild conditions with controlled size, shape, crystal structure, 
and orientation in nanoscale. Proteins and peptides have attracted much attention for serving as 
the organic templates in bioinspired synthesis, because of their highly ordered molecular 
assemblies, various functions, and the rapid development of protein and peptide technologies. 
Mediated by spontaneously organized proteins or peptides, materials with hierarchical structure in 
nanoscale can be fabricated in vitro. For instance, collagen and other proteins have been used as 
templates in vitro to mimic the natural bone forming process, where calcium phosphate 
nanocrystals precipitate on collagen fibril templates. Magnetotactic bacteria can produce 
magnetite nanocrystals with uniform size and shape. Mms6 and other proteins cloned from 
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magnetotactic bacteria have been used for bioinspired synthesis of magnetite nanocrystals in vitro. 
These organic/inorganic hybrid materials can be used for biomedical, orthopedic, catalytic and 
magnetic applications. 
2.1 Introduction 
Many organisms are capable of synthesizing organic/inorganic composites for protective or 
support purposes, such as bones, shells, and teeth. They exert a remarkable level of molecular 
control on particle size, structure, morphology, aggregation, and crystallographic orientation of 
these organic/inorganic structured materials. These materials often hierarchically arrange from 
nanoscale to the macroscale 
1–6
. For example, mollusks produce shells or nacres that contain a 
single distinct calcium carbonate crystalline phase, such as aragonite or calcite 
7
. Magnetotactic 
bacteria produce Fe3O4 or Fe3S4 nanoparticles with well-defined sizes and shapes to recognize 
magnetic fields for alignment and migration 
8,9
. Marine sponges produce silica spicules that have 
been demonstrated to possess light-guiding characteristics and may reach lengths of up to 3 m 
10–
12
. In each of the examples listed above, and in many more examples in nature (Figure 2.1),  
specialized biomolecules, such as proteins, peptides, deoxyribonucleic acid (DNA), ribonucleic 
acid (RNA), and polysaccharides, have been found or are thought to play a critical role in 
directing the formation of these hierarchically assembled inorganic structures 
13,14
. The 
participation of biomolecules in the nucleation and growth of crystals has attracted much research 
attention. Most notably, the proteins involved in directing the shape of these biomaterials have 
often evolved to recognize and bind selectively to one or more faces of the growing crystal. For 
instance, important matrix proteins involved in bone growth contain different function domains 
that orient the protein on hydroxyapatite nanocrystals and interact with target cell receptors 
15
.  
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Figure 2.1 a, Scanning electron microscopy (SEM) image of a growth edge of abalone (Haliotis 
rufescens) displaying aragonite platelets (blue) separated by organic film (orange) that eventually 
becomes nacre. (inset: transmission electron microscope (TEM) image). b, Magnetite 
nanoparticles formed by magnetotactic bacterium (Aquaspirillum magnetotacticum, inset: TEM 
image). c, Mouse enamel (SEM image) is a hard, wear-resistant material with highly ordered 
micro/nano architecture consisting of hydroxyapatite crystallites that assemble into woven rod 
structure (inset: schematic cross-section of a human tooth). d, SEM image of sponge spicule (with 
a cross-shaped apex shown in inset) has layered silica with excellent optical and mechanical 
properties. (Reproduced from Nature Materials, 2003, volume 2, issue 9, 578. Copyright © 2003 
Nature Publishing Group.) 
Nature has always been a source of inspiration for technical developments. Materials 
scientists consider the hierarchical structure of natural materials as a model for the development 
of new types of high-performance engineered materials 
16
. The biomimetic approach could lead to 
the development of the controlled synthesis of inorganic nanophases, the crystal engineering of 
bulk solids, and the assembly of organized composite and ceramic materials 
3
. During the past 
decades, many inorganic crystals or hybrid inorganic/organic materials with special sizes, shapes, 
organization, complex forms, and hierarchies have been synthesized via bioinspired methods with 
the assistance of various templates, such as synthetic polymers, self-assembling peptides, proteins, 
and some low mass surfactant molecules 
17,18
. Routine and reliable synthesis of self-assembled 
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hybrid materials with tunable functionalities are urgently required for real-life applications and 
economic commercialization 
19,20
. 
There are mainly two mechanisms by which organisms control the self-assembled 
hierarchical organic/inorganic structures. First, the organic matrix serves as template on which to 
form a specific mineral. Second, inorganic materials usually appear in cells at the protoplasmic 
surface boundary layer. Therefore, the arrangement of the biominerals is controlled by the surface 
tension between the cells, the vesicles, and the growing mineral 
5
. Recent work in the field of 
bioinspired synthesis has achieved varying degrees of success in both of these strategies, 
especially the first mechanism, in which the self-assembling organic structures are used to 
template the growth of inorganic materials. The structural information from the organic assembly 
is directly transcribed to the inorganic materials, or used to modify the morphology of the 
inorganic phases.  
This review will focus on the recent successes in using self-assembling biomolecules as the 
organic matrix templates to direct and facilitate the formation of different kinds of structured 
organic/inorganic composite materials. The biomolecules are either natural or synthetic, including 
proteins, peptides, DNA, RNA and polysaccharides. 
2.2 The advantage of using biomolecules for bioinspired synthesis, and their sources 
The use of biomolecules to direct the in vitro syntheses of inorganic materials is promising 
due to a number of reasons. The first of these potential benefits is the production of materials 
under mild reaction conditions (neutral pH, room temperature, aqueous solution etc.), while 
traditional methods require severe reaction conditions. The reduction of energy input and 
avoidance of harmful solvents makes bioinspired syntheses inherently “green” processing. The 
second major advantage of using biomolecules for materials synthesis is the elegant control on 
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the size, shape, chemistry, and crystal structure of the inorganic product. These characteristics 
often impact or determine the properties of the synthesized material, making them have specific 
applications. Third, biomolecules offer the potential to produce materials with highly specific or 
multiple functions. Additionally, the large diversity of natural and synthetic biomolecules 
provides a high possibility of finding a biomolecule that can recognize, interact with, or direct the 
formation of an inorganic material 
21
. 
The primary sources to obtain the biomolecules used for the bioinspired synthesis of 
materials include: biomolecules isolated or derived from biomineralizing organisms, 
biomineralizing biomolecule analogs, and peptides identified for biomineralization 
21
. 
Biomolecules isolated or derived from biomineralizing organisms have been widely used for 
biomimetic synthesis of inorganic materials, however, the use of biomineral-isolated 
biomolecules has several drawbacks. For example, the biomolecules may be difficult to obtain or 
limited by the yield, may require specialized facilities to grow, and may provide few if any 
opportunities to modify or engineer protein sequences. Many of these difficulties may be 
overcome through the recombinant expression and subsequent purification of mineralizing 
proteins from bacterial cells 
22
. Some of the sequence characteristics native to biomineralizing 
proteins may also be found in readily available and inexpensive proteins, such as hen egg white 
lysozyme (HEWL) or bovine serum albumin (BSA), making them popular candidates for 
biomimetic studies 
23,24
. According to these recognized sequences, biomineralizing biomolecule 
analogs can be developed. The analogs are not restricted to biomolecules, for instance, synthetic 
polymers are also developed as templates for bioinspired inorganic synthesis 
25,26
. The 
development of peptide, DNA, and RNA identification, separation, and synthesis techniques 
provides more opportunity to design templates for the bioinspired inorganic material synthesis, 
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for example, phage display is used for identifying peptides and systematic enrichment of ligands 
by exponential enrichment (SELEX) is used for recognize  RNA 
1
. 
Different types of biomolecules used in bioinspired synthesis can be broadly categorized into 
four categories: proteins, peptides, nucleic acids, and polysaccharides. The role of these different 
types of biomolecules in the bioinspired synthesis and fabrication process is discussed in greater 
detail using specific cases as examples in the following sections.  
2.3 Protein-mediated bioinspired synthesis 
Proteins provide functional building blocks for the development of multi-functional 
materials
27
. The self-assembly property of proteins would allow controlled organization of the 
organic/inorganic interface based on molecular recognition, resulting in hierarchical organization 
with desirable properties at multiple length scales. Proteins have superior specificity for target 
binding with complex molecular recognition mechanism 
28
. Through their unique and specific 
interactions with other macromolecules and inorganics, they process the ability to control 
structures and functions of biological hard and soft tissues in organisms 
29
. In the following 
sections, several examples of protein-mediated bioinspired synthesis of structured 
organic/inorganic materials in vitro are highlighted.  
2.3.1 Protein mediated hydroxyapatite (HAp) formation 
Bone is a highly ordered, dynamic, and highly vascularized tissue that exhibits excellent 
strength, hardness and fracture toughness. It is a biocomposite of 70% mineral (mostly nanoscale 
calcium phosphate crystals) and 30% organics (including collagen, glycoproteins, proteoglycans, 
and sialoproteins) by dry weight 
4,30,31
. Calcium phosphates, notably HAp [Ca10(PO4)6(OH)2], 
exhibit many levels of hierarchical structures in bone from nano to macro scales 
32
. Mineralized 
collagen fibrils are the basic building block for bone formation. More than 20 human collagens 
15 
 
have been reported. In collagens, the amino acids glycine, proline, and hydroxyproline account 
for more than 50% of the amino acid composition, often presented as the Gly-X-Y repeat unit 
(where X and Y are either proline or hydroxyproline) 
33
. Most collagens display a 67 nm 
periodicity due to the axial packing of the individual collagen molecules 
34
. Collagens also serve 
as extracellular matrix molecules for many other soft and hard tissues, such as cartilage tendons, 
and ligaments.  
We highlight some recent studies focused on the collagen-HAp interactions in the bioinspired 
synthesis of HAp composite materials. A nanocomposite of collagen and HAp was prepared in a 
continuous flow system, mimicking the situation in vivo, and resulted in a direct nucleation of 
HAp on the self-assembled collagen matrix. The biomineralization process of collagen and the 
self-organization mechanism were also analyzed. The inorganic crystals formed along the 
collagen fiber have similar a Ca-P ratio, crystalline degree, and carbonation extent to that 
observed in bone 
35
. Another study investigated the function of osteonectin in the formation of 
HAp. Osteonectin was added into the collagen solution, and results indicated that spindle-like 
nano-HAp could be deposited on collagen I/osteonectin and pure osteonectin (control) groups, 
but not on collagen II/osteonectin 
36
. This may help in understanding the biomineralization 
process in nature. 
Another collagen templated HAp nanocomposite showed equal or better biocompatibility 
than HAp ceramics, which was known to have excellent biocompatibility. The c-axes of HAp 
nanocrystals were regularly aligned along collagen fibrils, which was similar to natural bone 
orientation. The composite promoted the osteoclastic resorption of the composite, followed by 
new bone formation by osteoblasts, which was very similar to the reaction of a transplanted 
autogenous-bone. Therefore, the HAp/collagen composite can be potentially used as an artificial 
bone material in medical and dental fields 
37
.  
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In another study, two different bioinspired methods were used to fabricate HAp on collagen 
templates: dispersion of synthetic HAp in a solution of telopeptide-free collagen molecules and 
direct nucleation of HAp into reconstituted collagen fibers during their assembly. Composite 
materials obtained by direct nucleation showed similar composition, morphology, and structure to 
natural bone, and also indicated an intimated interaction between the inorganic phase and protein 
components 
38
. This proved the template function of the collagen during the bone formation. 
Proteins other than collagen are also used in bioinspired HAp synthesis. A novel human hair 
proteins and HAp composite was synthesized for using as a biomineral-scaffolding material. The 
human hair protein was soaked to a CaCl2 solution for fabrication into flat films. The flat films 
mainly consisted of α-keratin, which could bind 3 Ca2+ ions per 1 keratin molecule. The 
composite of the human hair protein and calcium phosphate was prepared via alternate soaking 
processes using CaCl2 and Na2HPO4 solutions. The diameters of deposited calcium phosphate 
particles were about 2–4 μm. The human hair proteins were not soluble and degraded during the 
soaking processes.
39
 Synthetic proteins have also been developed as templates for bioinspired 
synthesis. Self-assembled chimeric protein hydrogels comprising leucine zipper motifs flanking a 
dentin matrix protein 1 domain were developed to act as a HAp nucleator for the formation of 
highly oriented apatite similar to bone mineral 
27
.  
2.3.2 Protein mediated magnetic materials formation 
Magnetotactic bacteria form magnetite nanoparticles in vivo with various morphologies 
8
. 
The magnetospirillum magneticum strain AMB-1 produces a chain of cuboctahedral magnetite 
nanocrystals, each surrounded by a lipid bilayer membrane (Figure 2.1 b). Several proteins 
isolated from the magnetosome membranes showed common features in their amino acid 
sequences, which contain hydrophobic N-terminal and hydrophilic C-terminal regions. The C-
terminal regions in Mms5, Mms6, Mms7, and Mms13 contain dense carboxyl and hydroxyl 
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groups that bind iron ions. Nano sized magnetic particles similar to those in magnetotactic 
bacteria were prepared in vitro by chemical synthesis of magnetite in the presence of the protein 
Mms6. These proteins may be directly involved in biological magnetite crystal formation in 
magnetic bacteria 
40
.  
Similar in vitro synthesis of magnetite mediated by Mms6 was also achieved by other research 
groups. Recombinant Mms6 facilitated the formation of magnetite nanocrystals with uniform size 
(about 30 nm) in aqueous solution, which was verified by using TEM analysis and magnetization 
measurements. A polymeric gel was used to mimic the conditions at which magnetite 
nanocrystals were formed in magnetotactic bacteria and slow down the diffusion rates of the 
reagents. The nanocrystals formed in the presence of other proteins, as shown in Figure 2.2, did 
not exhibit the uniform sizes and shapes. Mms6-mediated magnetite nanoparticles demonstrated 
the largest magnetization values above the blocking temperature, and the largest magnetic 
susceptibility compared to those of the nanomaterials synthesized with other proteins. This study 
confirmed the hypothesis that Mms6 promotes the shape-selective formation of uniform 
superparamagnetic nanocrystals 
41
. 
 
Figure 2.2 TEM images of magnetite nanoparticles obtained by co-precipitation of FeCl2 and 
FeCl3: A) without protein, B) with Mms6, C) with ferritin, D) with Lnc2, and E) with BSA. 
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(Adapted from Advanced Functional Materials, volume 17, issue 6, 952. Copyright © 2007 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.) 
Some inorganic magnetic materials which do not appear in living organisms, for example, 
cobalt ferrite (CoFe2O4) nanoparticles, were also synthesized in vitro by using Mms6 protein as a 
template. The recombinant full-length Mms6 protein or a synthetic C-terminal domain of Mms6 
protein was covalently attached to self-assembling polymers (Pluronic F127) in order to template 
hierarchical growth of CoFe2O4 nanostructures, as shown in Figure 2.3. This new synthesis route 
enabled facile room-temperature shape-specific synthesis of complex magnetic crystalline 
nanomaterials with particle sizes of 40–100 nm, which were difficult to produce using 
conventional techniques 
42
. 
                
Figure 2.3 Left, scheme for the protein-templated synthesis of CoFe2O4 nanocrystals in the 
presence of the Pluronic-conjugated recombinant Mms6 (red and blue colors stand for the 
Pluronic, and grey color stands for the protein); right, TEM of CoFe2O4 nanocrystals obtainedin 
the presence of Pluronic-conjugated c25-mms6. (Inset) High-resolution TEM image of a fragment 
of the central particle. The scale bar in all images is 50 nm. (Reproduced from ACS Nano, volume 
1, issue 3, 231. Copy right © 2007, American Chemistry Society.)  
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2.3.3 Protein mediated silica formation 
Aizenberg et al. reported the structural hierarchy of biosilica observed in the hexactinellid 
sponge Euplectella sp. (see Figure 2.4). The ensuing design overcomes the brittleness of its 
constituent material, glass, and shows outstanding mechanical rigidity and stability 
6
.  
                   
Figure 2.4 Structural analysis of the mineralized skeletal system of Euplectella sp. (A) 
Photograph of the entire skeleton, showing cylindrical glass cage. (B) Fragment of the cage 
structure showing the square-grid lattice of vertical and horizontal struts with diagonal elements 
arranged in a chessboard manner. (C) SEM of a fractured and partially HF-etched single beam 
revealing its ceramic fiber-composite structure. (D) SEM of a cross section through a typical 
spicule in a strut, showing its characteristic laminated architecture. (E) Bleaching of biosilica 
surface revealing its consolidated nanoparticulate nature. (Adapted from Science, volume 309, 
issue 5732, 276. Copyright © 2005, American Association for the Advancement of Science.) 
Silicateins, or silica proteins, were found to be enzymes (structural and catalytic proteins) that 
promote biosilica formation in nature 
43
. The silicateins exhibit catalytic activity at neutral pH and 
low temperature. They have also been used as templates to direct the growth of silica particles 
along the axial protein filament. It has been used to simultaneously catalyze and structurally 
direct the hydrolysis and condensation of tetraethyl orthosilicate in vitro to form silica 
44
. 
Silicatein filaments also demonstrated the ability to form titanium dioxide, gallium oxohydroxide 
A 
E D 
C B 
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(GaOOH) and gamma-gallium oxide (gamma-Ga2O3) in vitro, which are three inorganic 
semiconductors that biological species have never naturally produced
45–48
. An enzymatic 
biocatalyst from the marine sponge Tethya aurantia, was used to catalyze and template the 
hydrolysis and condensation of the molecular precursor BaTiF6 at low temperature to form 
nanocrystalline BaTiOF4 
49
. 
Amorphous silica (or silica glass) is widely used in different applications, such as membranes, 
columns, heat-proof materials, optical communication fibers, and catalysts in organic synthesis 
50
. 
The catalyzing effect of the silicatein from the freshwater sponge Cauxi promoted the 
polymerization of this type of silica in vitro. Briefly, the sponge shot the axial protein filament in 
the desired growth direction, and then silicatein polymerized a thin silica layer around the 
filament. However, this silica deposition inhibited the transport of the siliceous acid to the axial 
filament, and a new set of silicatein were shot onto the newly synthesized silica deposition. This 
shooting process continued until the final diameter of spicules was reached. The process is shown 
by Figure 2.5. This study offered a new route for the development of mesoporous, amorphous 
silica with high purity under ambient condition 
50
.  
 
Figure 2.5 Schematic illustration of the growth mechanism of amorphous silica. (Reproduced 
from Journal of the American Chemical Society, volume 131, issue 7, 2720. Copy right © 2009, 
American Chemistry Society.)  
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Silicateins could be immobilized onto a template surface, while still preserving their catalytic 
activity.  In a bioinspired approach, biosilica was synthesized on “inert” surfaces (matrices) from 
monomeric precursors 
51
. The matrices were first functionalized with a reactive polymer that was 
subsequently able to chemisorb nitrilotriacetic acid (NTA), a required binder for His-tagged 
recombinant silicatein. Silicatein that had been immobilized onto this matrix using NTA-His tag 
linkage had the capability to synthesize nanoparticulate biosilica, biotitania, and biozirconia from 
monomeric precursors. The process is shown by Figure 2.6. 
          
Figure 2.6 The biomimetic approach:  The template (A) is successively functionalized with a 
reactive ester polymer (B) and the NTA linker (C). (D) Recombinant silicatein is bound via His-
tag and Ni
2
+ to the NTA-polymer and subsequently mediates formation and assembly of 
polysilica formation (E). (Adapted from Applied Microbiology and Biotechnology, volume 83, 
number 3, 408. Copyright © 2009, Springer-Verlag.) 
A B C 
D 
E 
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Fungi have been used in bioinspired synthesis of inorganic materials. Silica, zirconia, and 
titania nanoparticles were produced by mixing the fungus Fusarium oxysporum with aqueous 
anionic complexes SiF6
2-
, ZrF6
2−
, and TiF6
2-
, respectively. It has been shown that the extra-cellular 
protein of the Fusarium oxysporum mediated hydrolysis of the anionic complexes. These studies 
introduced a facile room temperature synthesis of crystalline titania and zirconia particles, 
whereas calcination at 300 °C is required for crystallization of silica 
52,53
. 
2.3 Peptide-mediated bioinspired synthesis 
Peptides consist of short amino acid sequences that have less intricate functionality than 
proteins. Although peptides may not perform highly specialized functions compared to proteins, 
they can be synthesized more easily with desired amino acid sequences by well-established 
chemical and genetic engineering techniques. Therefore, they are widely used in the applications 
ranging from controlled gene and drug release, nanofabrication, biomineralization, and membrane 
protein stabilization to three-dimensional (3D) cell culture and tissue engineering. Peptides are 
designed to be folded in desired conformations, such as α-helix, β-sheet, etc. These 3D building 
blocks may yield supramolecular structures through self-assembly process. Moreover, the 
supramolecular structures can be controlled by changing the physicochemical properties of the 
environment such as pH, temperature, and salt content, which makes peptides versatile smart 
materials for the design of structured materials 
28,54
.   
There are several possible ways of obtaining polypeptide sequences with specific affinity to 
inorganics. For example, well-established in vivo combinatorial biology protocols, phage display, 
and cell-surface display have been used to identify biological ligands and to map the molecular 
recognition site of antibodies. Table 1 shows the specific binding affinity of peptides for various 
inorganic materials.  
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Table 2.1 Examples of polypeptide sequences exhibiting affinity for various inorganics. 
(Reproduced from Nature Materials, 2003, volume 2, issue 9, 581. Copyright © 2003 Nature 
Publishing Group.) 
Materials Sequences Size pI MW Charge 
      
 
MHGKTQATSGTIQS 14 8.52 1446.60 +1 
Au SKTSLGQSGASLQGSEKLTNG 21 8.31 2050.12 +1 
  QATSEKLVRGMEGASLHPAKT 21 8.60 2211.52 +1 
            
 
DRTSTWR 7 9.60 920.98 +1 
Pt QSVTSTK 7 8.75 749.82 +1 
  SSSHLNK 7 8.49 771.83 +1 
            
 
SVTQNKY 7 8.31 838.92 +1 
Pd SPHPGPY 7 6.46 753.81 0 
  HAPTPML 7 6.74 765.93 0 
            
 
AYSSGAPPMPPF 12 5.57 1221.39 0 
Ag NPSSLFRYLPSD 12 6.09 1395.53 0 
  SLATQPPRTPPV 12 9.47 1263.46 +1 
            
 
MSPHPHPRHHHT 12 9.59 1470.63 +1 
SiO2 RGRRRRLSCRLL 12 12.30 1541.89 +6 
  KPSHHHHHTGAN 12 8.87 1359.43 +1 
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Table 2.1 Continued  
         
 
VKTQATSREEPPRLPSKHRPG 21 10.93 2371.68 +3 
Zeolites MDHGKYRQKQATPG 14 9.70 1616.82 +2 
            
 
NTRMTARQHRSANHKSTQRA 20 12.49 2351.59 +4 
ZnO YDSRSMRPH 9 8.75 1148.26 +1 
            
 
HTQNMRMYEPWF 12 6.75 1639.87 0 
CaCO3 DVFSSFNLKHMR 12 8.75 1480.90 +1 
            
 
VVRPKAATN 9 11.00 955.13 +2 
Cr2O3 RIRHRLVGQ 9 12.30 1134.35 +3 
            
Fe2O3 RRTVKHHVN 9 12.01 1146.32 +3 
            
 
AQNPSDNNTHTH 12 5.97 1335.31 0 
GaAs RLELAIPLQGSG 12 6.00 1253.46 0 
  TPPRPIQYNHTS 12 8.44 1410.55 +1 
            
ZnS NNPMHQN 7 6.74 853.91 0 
 
A 12-residue peptide (NPYHPTIPQSVH-GGGK-biotin: CLP12 peptide) has been identified 
for HAp biomineralization using phage display. The sequence responsible for the mineralizing 
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activity resembled the tripeptide repeat (Gly-Pro-Hyp) of type I collagen. This peptide was 
capable of binding to single crystal HAp and templating the nucleation and growth of crystalline 
HAp mineral in a sequence- and composition-dependent manner
55
. In another study, polylysine 
and polyleucine based block copolypeptides (K170L30) were found to form gels at very low 
concentrations in aqueous media. The block copolypeptides have been used as templates for 
forming self-assembled calcium phosphate nanocomposites. The synthesis method allowed for 
simultaneous formation of the self-assembled block copolypeptide gel and of the inorganic phase. 
The inorganic contents accounted for over 50 wt% in the nanocomposite, approaching the 
inorganic content in bone
56
. Thermoreversibly gelling block copolymers (Pluronic F127) 
conjugated to hydroxyapatite-nucleating peptides (DSKSDSSKSESDSS) were used to template 
the growth of inorganic calcium phosphate in aqueous solutions. The inorganic phase in the 
organic/inorganic nanocomposite was confirmed to be HAp. This work offered a route for the 
development of novel, self-assembling, injectable nanocomposite biomaterials for potential 
orthopedic applications 
57
.  
Self-assembling peptide amphiphiles have great potential as templates for nanofabrication. In 
2001, a lipopeptide was designed and synthesized for biomineralization by the Stupp group 
58
. In 
Figure 2.7 a and b, the C16 tail was connected to the N terminal of a peptide sequence which 
contained four cysteines, three glycines, a single phosphorylated serine and a cell adhesion ligand 
RGD (C16–C4G3S(p)RGD–OH). The C16 tail was hydrophobic and the peptide sequences were 
hydrophilic. These peptide amphiphlies self-assembled into cylindrical micellar structures in 
aqueous phase. C16 acyl tails packed themselves in the center of the micelle, while the peptide 
sequences formed β-sheets at the outside. There were disulfide bonds that formed by cross-
linking of the four cysteine residues in the middle of the molecules, making the self-assembled 
nanofibers robust and impervious to pH variation (Figure 2.7 c). The nanofibers were then used to 
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direct the mineralization of HAp. The HAp nucleated on the surfaces of the lipopeptide 
nanofibers and its crystals grew with their c-axes oriented along the long axes of the nanofibers. 
This alignment was the same as that observed between collagen fibers and HAp crystals in 
bone
54,58
.  
 
Figure 2.7 (a) Chemical structure of the peptide amphiphiles. (b) Molecular model of the peptide 
amphiphiles. (c) Schematic model of the self-assembly of peptide amphiphiles into a cylindrical 
micelle. (Reproduced from Chemical Reviews, volume 108, issue 11, 4776. Copyright © 2008, 
American Chemical Society.) 
Shorter peptide I3K may form nanotubes with diameters about 10 nm and lengths over 5 mm. 
The nanostructure from this ultra-short peptide indicated that the amphiphilicity of a peptide 
amphiphile can be balanced between the length of a peptide sequence and the size of hydrophobic 
amino acids. I3K molecules were thought to initially interdigitate with each other through the 
hydrophobic interaction among the I3 tails, forming bilayer fragments. The self-assembly was 
driven by the hydrophobic affinity between isoleucine residues with the I3 tails packed in the 
middle and the K residues projected at the outside, facing the water. The peptide bilayer 
fragments then further assembled into twisted ribbons. The fusion of the helical ribbons resulted 
in the formation of stable nanotubes, indicating the strong driving force along the main axial 
direction of the nanotubular structure. Figure 2.8 shows the self-assembling process. Because of 
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their extreme stability against heating or exposure to organic solvents, I3K nanotubes were used 
as templates for silicification from the hydrolysis of TEOS (tetraethoxysilane) precusor. The 
lysine groups on the inner and outer nanotube surfaces catalyzed the silicification, leading to the 
formation of silica nanotubes 
59
. 
 
Figure 2.8 A schematic representation of I3K self-assembly process leading to the formation of 
peptide nanotubes which can then serve as templates for silicification. (Reproduced from 
Chemical Society Reviews, volume 39, issue 9, 3484. Copyright © Royal Society of Chemistry 
2010.) 
2.5 DNA and RNA-mediated bioinspired synthesis 
DNA and RNA can self-assemble into well-defined secondary and tertiary structures at the 
nanoscale, which provide an ideal template for the formation of nanocrystals 
60
. DNA templated 
gold nanoparticles have attracted much attention, as the self-assembled DNA nanostructures offer 
programmable scaffolds to organize the gold nanoparticles 
60–63
. A self-assembled two-
dimensional (2D) DNA nanogrid was used as a template to grow 5-nm gold nanoparticles (Au 
NPs) into periodic square lattices, as shown by Figure 2.9. The center-to-center distance between 
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neighboring particles was about 38 nm. These accurate controlled Au NPs distribution may find 
applications in nanoelectronic and nanophotonic devices 
62
. 
 
Figure 2.9 Top left: the 2D DNA nanogrids with the single strand A15 out of the plane; Bottom 
left: assembly of 5-nm Au NPs on the DNA grids. The zigzag black lines surrounding the Au NPs 
represent the T15 strands covalently linked to the surface of the particle through Au−S bonds. The 
right images are the AFM height data corresponding to each of their left. (Reproduced from Nano 
Letters, volume 6, issue 2, 248. Copyright © 2006, American Chemical Society.) 
A chemically well-defined bio-core in an inorganic shell nanohybrid material was recently 
reported. It consisted of a DNA molecule as the bio-core with a size of 100 nm and a spherical 
inorganic nanoshell reassembled with exfoliated layered metal hydroxide (MH) with an overall 
thickness of 10 nm. The negatively charged DNA molecules can be encapsulated into a positively 
charged inorganic nanocavity of self-assembled MH nanosheets, as illustrated in Figure 2.10. Due 
to the pH-dependent solubility of the MH nanoshell, the DNA can be encapsulated and released, 
which play a crucial role in maximizing the stability of base sequence-manipulated and probe-
functionalized DNA molecules with designed information. Therefore, these hybrid materials 
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could be used as advanced gene delivery systems and a biomedical diagnostics system for DNA-
based information 
64
. 
 
Figure 2.10 Scheme, TEM and SEM image for the designed DNA@Inorganic Core−Shell 
nanohybrid. (Reproduced from Journal of the American Chemical Socciety, volume 132, issue 47, 
16735. Copyright © 2010, American Chemical Society.) 
A multi-lamellar structure was formed by complexes of anionic DNA and cationic liposomes 
self-assembly. The two-dimensional lipid sheets confined a periodic one-dimensional lattice of 
parallel DNA chains, as shown by Figure 2.11. These simple DNA-membrane templates could be 
used for controlled CdS crystalline synthesis. Cd
2+
 ions condensed on the DNA chains, and 
subsequently reacted with H2S to form CdS nanorods. Depending on the charge of the membrane, 
different concentrations of Cd
2+
 ions condense onto the template, and different morphologies of 
CdS were formed. The degree of template overcharging was determined by the relative 
stoichiometry of DNA and cationic membrane lipids 
65
.  
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Figure 2.11 Schematic representation of CdS growth within DNA-membrane complexes: the Cd
2+
 
ions (red balls) are organized by DNA strands (blue) in the lamellar DNA−membrane complexes 
(side-view). (Reproduced from Journal of the American Chemical Society, volume 126, issue 43, 
14158.  Copyright © 2004, American Chemical Society.) 
One kind of DNA molecules were reported to mediate the nucleation and growth of the 
calcium carbonate particles. CaCO3 microspheres with different surface morphologies were 
prepared in the presence of the DNA, indicating that DNA could induce biomineralization in the 
biological system. It was found that the DNA concentration influenced on the surface structures 
of CaCO3 particles significantly. This research provided new insight into the morphological 
control of CaCO3 and other inorganic materials (Cheng et al. 2010).  
The Kelley group investigated the role of RNA secondary structure on the growth of CdS 
nanocrystals. They showed that a folded wild-type tRNA (wtRNA) and an unfolded mutant tRNA 
(mtRNA) of identical length were both able to mediate the formation of CdS during its 
spontaneous precipitation from solution, but they saw differences in the average nanocrystal sizes 
and size distributions. A narrow distribution around 6 nm diameter particles was found for 
particles grown with wtRNA, while mtRNA generated a bimodal distribution of 7 and 11.5 nm 
diameter particles. This is a good illustration that a biomolecule can affect the nanocrystal size 
66
.  
2.6 Polysaccharide-mediated bioinspired synthesis 
A slow but increasing interest has been developing to explore the role of polysaccharides in 
biomineralization, despite the fact that they have been prevalent since the early stages of 
evolution. Single types of polysaccharides are typically not associated with biominerals. Only 
hydroxylated, carboxylated, or sulfated polysaccharides, or those containing a mixture of these 
functional moieties, are found in biominerals 
67
. Chitin is the second most abundant natural 
polymer after cellulose on earth. It is a linear polysaccharide of β-(1-4)-2-acetamido-2-deoxy-d-
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glucose. The chemical structure of chitin is very similar to that of cellulose, with a hydroxyl 
group replaced by an acetamido group. Pure chitin with 100% acetylation does not exist in nature. 
Chitin tends to form a co-polymer with its N-deacetylated derivative, chitosan. Chitosan is a 
polymer of β-(1-4)-2-amino-2-deoxy-d-glucose. The chemical structures of cellulose, chitin, and 
chitosan are shown in Figure 2.12 
68
. 
                                   
Figure 2.12 Chemical structures of chitin, chitosan, and cellulose.  
Chitosan composite materials have attracted much research interest in bone tissue engineering 
due to their minimal foreign body reactions, intrinsic antibacterial nature, biocompatibility, 
biodegradability, and ability to be molded into various geometries and forms. Recently, grafted 
chitosan natural polymer with carbon nanotubes has been incorporated to increase the mechanical 
strength of artificial bone 
69
. Laminated HAp/chitosan nanocomposites and nano-HAp/chitosan-
pectin composites were prepared and showed improved strength, especially in moist 
environments. This combination can be expanded to other HAp-biopolymer systems, thus offer a 
new insight for fabricating biomimetic nanocomposites 
70,71
.  
Chitin 
Chitosan 
Cellulose 
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Chitosan was also used as organic template to form HAp nanocrystals. Spindle shaped HAp 
with 30- 40 nm length and 7- 8 nm width was synthesized through the biomimetic method with 
chitosan as template. The spindle shaped nano HAp grew in a 0.5wt% chitosan solution for 7 
days. The crystallinity of samples increased with the aging time. The HAp powders synthesized 
with chitosan as templates had good thermal stability up to 800 °C 
72
. 
Design and synthesis of bacterial cellulose/HAp nanocomposites was reported for bone 
healing applications using a bioinspired approach. Bacterial cellulose with various surface 
morphologies (pellicles and tubes) was negatively charged by the adsorption of carboxymethyl 
cellulose to initiate nucleation of calcium-deficient hydroxyapatite (cdHAp). The cdHAp was 
grown in vitro via dynamic simulated body fluid treatments for 7 days 
73
. Cellulose also used to 
template the growth of silica. Through in-situ growth of silica nanoparticles on cotton fabrics, a 
dual-scaled surface with nanoscaled roughness of silica and microscaled roughness of cellulose 
fiber was generated 
74
. 
2.7 Conclusions and outlook 
In summary, in the recent past, there has been remarkable progress in the development of 
bioinspired procedures for controlling inorganic crystal nucleation and growth, especially at the 
nanoscale. Biomolecules have been successfully utilized to produce a variety of self-assembled 
structured inorganic materials under relatively mild conditions. Biomolecules have been found to 
be able to direct or modify the shapes, sizes, crystal structures, and other properties of the 
synthesized inorganic materials. Examples of such bioinspired inorganic nanostructures include 
HAp, SiO2, Fe3O4, CdS, TiO2, ZrO2, gold and silver etc., which have applications in biomedical, 
biosensor, bioceramic, and other fields. Modern biotechnology has also enabled the construction 
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of chimeric biomolecules with desired properties, which may be utilized to create hierarchical 
assembled and reinforced composite materials.  
In the recent past, many biomolecules promoting materials synthesis have been identified. 
The number of inorganic materials that could be used for bioinspired synthesis has also been 
expanded. However, our fundamental understanding of these existing topics must be furthered in 
order to more fully harness the potential of biomolecules for material syntheses. There are also a 
number of interesting and powerful new concepts that have received only passing attention or 
remain unexplored. Design of more hierarchically self-assembled biomolecules that could 
template and direct the inorganic formation is also required. With the continued attention and 
ingenuity of researchers from diverse disciplines, the future of biomimetic materials syntheses 
promises to be exciting, dynamic, and rich in applications. 
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Chapter 3    Biomimetic Self-assembling Copolymer–Hydroxyapatite 
Nanocomposites with the Nanocrystal Size Controlled by Citrate 
Y.-Y. Hu, X.P. Liu, X. Ma, A. Rawal, T. Prozorov, M. Akinc, S. K. Mallapragada,  
K. Schmidt-Rohr*  
This chapter is modified from a paper published in Chemistry of Materials, 2011, 23, 2481-
2490. My contribution to this paper focused on the nanocomposite synthesis with different 
amounts of citrate, characterization and analysis of the nanocomposites using XRD, TEM and 
small angle neutron scattering. 
Abstract 
Citrate binds strongly to the surface of calcium phosphate (apatite) nanocrystals in bone and 
is thought to prevent crystal thickening. In this work, citrate added as a regulatory element 
enabled molecular control of the size and stability of hydroxyapatite (HAp) nanocrystals in 
synthetic nanocomposites, fabricated with self-assembling block copolymer templates. The 
decrease of the HAp crystal size within the polymer matrix with increasing citrate concentration 
was documented by solid-state nuclear magnetic resonance (NMR) techniques and wide-angle X-
ray diffraction (XRD), while the shapes of HAp nanocrystals were determined by transmission 
electron microscopy (TEM). Advanced NMR techniques were used to characterize the interfacial 
species and reveal enhanced interactions between mineral and organic matrix, concomitant with 
the size effects. The surface-to-volume ratios determined by NMR spectroscopy and long-range 
31
P{
1
H} dipolar dephasing show that 2, 10, and 40 mM citrate changes the thicknesses of the 
HAp crystals from 4 nm without citrate to 2.9, 2.8, and 2.3 nm, respectively. With citrate 
concentrations comparable to that in body fluids, HAp nanocrystals of similar sizes and 
morphologies as in avian and bovine bones have been produced. 
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Keywords: Bioinspired materials, biocompatibility, bone, crystal control, hybrid materials, 
nuclear magnetic resonance  
3.1 Introduction 
Bone, the primary supporting and protective organ of the mammalian body, is a 
nanocomposite of nano-sized carbonated apatite crystals and the fibrous protein collagen (ca. 40 
vol% each), with smaller contributions from other proteins and water.
1–5
 Human bone undergoes 
constant dynamic remodeling to repair fatigue damage, such as micro- cracks induced by stress.
6
 
However, when the damage is beyond the self-restoring ability of bone, therapeutic approaches to 
regenerate the mineralized tissues are desired. Ideal materials employed in tissue repair therapies 
should exhibit structural features similar to those in bone, be biocompatible, biodegradable, and 
bioactive.  
A balance between mechanical properties and bioactivity should be considered in 
biomaterials science; composites of synthetic polymer and calcium phosphate provide a favorable 
combination. Among various synthesis schemes intended to mimic bone,
7
 a bottom-up sol-gel 
method using inorganic ionic precursors and self-assembling polymers is advantageous since it 
can control the structure at the molecular level while inducing some hierarchical ordering as seen 
in bone.
8
 With this method, our group has successfully demonstrated the synthesis of organic and 
inorganic self-assembling nanocomposites using Pluronic (polyethylene oxide-polypropylene 
oxide triblock copolymer) and its derivatives, polymers coupled to apatite-nucleating peptides, 
and K170L30 diblock copolypeptides as templates that precipitate apatite nanocrystals within the 
organic matrix.
9–11
 Progress has been made to more closely mimic the structure of bone; for 
instance, hydroxyapatite has been stabilized, and the inorganic content has been increased from 
15 wt% to over 50 wt%, compared to 65 wt% in bone. Similar research has been pursued by other 
groups. For instance, Pramanik and Kar synthesized thermoplastic apatite-poly(ether etherketone) 
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nanocomposites,
12
 Song et al. used crosslinked polymethacrylamide and polymethacryalate 
hydrogels to template the formation of HAp nanoparticles,
13
 and poly(lactic acid), poly(glycolic 
acid), and poly(-caprolactone)/HAp composites also have been constructed for their 
biodegradability.
14
 However, although organic-inorganic nanocomposites have been fabricated, 
the regulation of the apatite crystal size and morphology has not been discussed. Nevertheless, the 
crystal dimensions, particularly the crystal thickness is critical to the mechanical properties of 
bone, in that a thickness of ~3 nm prevents the propagation of cracks.
15
 Also, recent research 
implied that desirable osteoconductivity could be achieved with synthetic HAp resembling bone 
minerals in composition, size, and morphology.
16
  
A most recent close examination of the interface between collagen and apatite crystals in 
bone by advanced solid state NMR techniques
17
 has revealed that citrate, a small molecule, is the 
dominant organic molecule there, tightly bound to apatite and covering the surface with a density 
of one citrate molecule per 4 nm
2
 (ca. 1/6 of the available area). About 80 wt% of the total citrate 
in the body is accumulated in bone. Carboxylate groups are key for regulating the formation of 
apatite
5,18
 and citrate in bone provides more carboxylate groups than all the proteins other than 
collagen taken together. In vitro studies have shown that citrate at higher concentrations results in 
smaller HAp nanocrystals.
19,20
 Moreover, citrate stabilizes HAp over other phosphates
21
 and 
synthetic materials pretreated with citrate give better biocompatibility in tissue repair.
22,23
 Despite 
these studies, the effect of citrate upon the local molecular composition and surface structure is 
not well understood. This is in part due to the challenge of selectively characterizing mineral 
surfaces, especially those buried in organic matrices. The surface- and structure- directing effect 
of small molecules is general to a wide variety of functionally important materials such as 
zeolites,
24
 mesoporous materials,
25
 and sol-gel based electronic materials,
26
 in addition to 
biomaterials.    
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Inspired by the study of citrate-apatite in bone and in vitro, we have added citrate as a third 
component in our synthesis of self-assembled Pluronic polymer and HAp nanocomposites. This 
research allows more precise control over the crystal size and morphology of synthetic HAp 
within a polymer matrix in order to more closely mimic the structure and morphology of 
nanocrystals in bone.   
3.2 Experimental section 
3.2.1 Chemicals. 
The Pluronic F127 block copolymer, poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (PEO-PPO-PEO), was purchased from Sigma Aldrich (St. Louis, MO). Its 
average molecular weight is about 12,600 kDa. An aqueous solution of the polymer can self-
assemble into micelles at low temperature and concentration,
8
 and transform to a viscous gel 
upon increase in temperature (typically above 25°C) or concentration. All the other chemicals in 
this study were purchased from Sigma Aldrich or Fisher Scientific, and used without further 
purification.  
3.2.2 Nanocomposite Synthesis.  
The calcium phosphate nanocomposites were prepared using self-assembling polymers as 
templates as follows: 0.01 mol of Ca(NO3)2 was dissolved in 10 mL of 30 wt% Pluronic F127 
solution at 4°C, followed by addition of 0.2 mL of ammonium citrate at various concentrations 
and mixed for 2 hours at 4°C. 2 mL of 3 M (NH4)2HPO4 was then added. The sample was brought 
to room temperature and allowed to form a gel with gentle stirring. NH4OH was then added to 
adjust the pH to 7.5-8; the pH was checked and re-adjusted to 7.5-8 after 24 h and beyond until it 
remained stable. Four hydrogel samples with citrate concentrations of 0, 2, 10, and 40 mM were 
prepared. The samples were freeze-dried and characterized.  
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In addition, samples were washed to remove free polymer and ammonium nitrate, as needed 
for characterization. The sample powder was suspended in pure water, centrifuged, and the 
supernatant was removed. This procedure was repeated three times in order to minimize the 
amount of residual free polymer and ammonium nitrate. 
3.2.3 Characterization 
XRD. The structure of the freeze-dried and washed samples was investigated by XRD 
(X’Pert PRO, PANalytical Inc., Westborough, MA,) and analyzed by X’pert Data collector. The 
diffractometer was operated at 45 kV and 40 mA. Cu α radiation with a wavelength of 0.15418 
nm was employed. The scan rate was 0.021°/s with a step size of 0.01 ° over the range of 10° ≤  
2≤ 60°. 
TEM.  Imaging of the samples was performed without staining with the Tecnai G
2
 F20 
Scanning Transmission Electron Microscope (STEM) (FEI Company, Hillsboro OR) equipped 
with High Angle Annular Dark Field (HAADF) and Energy Dispersive X-ray Spectroscopy 
(EDS) detectors at an operating voltage of 200 kV. Twenty microliters of a suspension of the 
sample were dispersed in 2 mL of distilled H2O.  A drop of the diluted suspension was placed on 
a holey carbon-supported copper grid. Multiple areas of each sample were examined to determine 
the average size of the particles in the nanocomposites, both in bright field TEM mode and in 
STEM mode.    
SANS.  Small-angle neutron scattering (SANS) was used to highlight the structure of the 
Pluronic block copolymer in the nanocomposite gels. 1 mL deuterium oxide (D2O) was added to 
about 0.5 mL gel sample. The polymer phase has higher neutron scattering contrast than the 
inorganic phase in a deuterated solvent, since the scattering length of 
1
H is negative while the 
scattering lengths of all other isotopes involved are positive and of similar magnitude.   
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The experiments were performed using the 30 m small angle scattering instrument on 
beamline NG7 at the National Center for Neutron Research, National Institute of Standards and 
Technology (NIST), Gaithersburg, MD. A cold neutron source with an average wavelength of 6 
Å was used. The samples were sealed in quartz cylindrical cells with a 1-mm path length.  The 
scattered neutrons were detected by a two-dimensional detector with three different sample-to-
detector distances of 13, 4, and 1 m. The scattering vector, q, was varied between 0.004 Å
−1
 < q < 
0.56 Å
−1, where q = (4π/λ) sinθ, in which λ is the neutron wavelength and θ is half the scattering 
angle. The I(q) data were placed on an absolute scale in units of cm
−1
. Data reduction and plots 
were accomplished by using SANS reduction and analysis macros provided by NIST 
(http://www.ncnr.nist.gov/programs/sans/data/red_anal.html). 
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NMR. The NMR study was done at Dr.Schmidt-Rohr’s lab. All the NMR experiments were 
carried out on a Bruker Biospin DSX-400 spectrometer (Bruker-Biospin, Rheinstetten, Germany) 
at 400 MHz for 
1
H, 162 MHz for 
31
P, and 100 MHz for 
13
C. A Bruker 4-mm double resonance 
magic-angle spinning (MAS) probehead was used with spinning frequencies of 4.3 kHz for 
1
H-
31
P HetCor and 
31
P spin diffusion experiments and 6.5 kHz for other experiments.  The 90
o
 pulse 
length was 4 s for 1H, and 4.5 s for 31P and 13C.  
A 200 s recycle delay was used in direct-polarization 
31
P NMR experiments without or with 
two rotor periods of gated 
1
H-
31
P heteronuclear recoupling. The two-pulse phase-modulation 
(TPPM) 
1
H-
31
P heteronuclear decoupling strength was 60 kHz during 
31
P detection.  Hartman-
Hahn cross-polarization (CP) of 1 ms was employed for experiments requiring polarization 
transfer from 
1
H to 
31
P or 
13
C. 
13
C NMR spectra were acquired after cross polarization from 
1
H 
and suppression of sidebands (TOSS), at r = 5.3 kHz, with a 1-s recycle delay and 6700 scans 
per spectrum.  
1
H-
31
P HetCor experiments were carried out with MREV-8 for 
1
H-
1
H homonuclear 
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decoupling and 
1
H chemical shifts were scaled by 0.47 accordingly during data processing. 160 t1 
increments of 60 s were employed and multi-echo detection28 was implemented to enhance 
signal sensitivity. In 
31
P spin diffusion experiments, a short CP contact time of 0.1 ms was 
employed to generate 
31
P magnetization selectively in phosphates close to protons with 
subsequent 0.1-ms and 1-s 
31
P spin diffusion times. A spin diffusion time of 100 s was used in a 
sample without citrate and containing two phosphate phases. The duration of the z-period was 
incremented in 8 steps of tr/8 = 29.1 s in order to cancel dispersive contributions to the spinning 
sidebands, which would results in baseline distortions. 
1
H-
31
P HARDSHIP experiments
29
 were 
performed with direct polarization and recoupling times of 0.3, 0.6, 0.9, 2.1, 3.0, 4.6, 6.1, 7.7, and 
9.2 ms. Differential T2 relaxation of surface and core phosphate signals in S0 was corrected for as 
outlined in ref.
24
. The NIST hydroxyapatite 
1
H peak at 0.18 ppm and 
31
P peak at 2.8 ppm was 
used to calibrate 
1
H and 
31
P chemical shifts, respectively.   
Avian and bovine bones used in HARDSHIP experiments were extracted from the mid-
sections of femur bones from a mature hen and a 4-year-old cow. The surface was cleaned with a 
scalpel to remove muscle tissue and then washed with a solution of methanol and chloroform to 
remove lipids. The bone was ground to a powder and lyophilized to remove any traces of solvent 
and bulk water.  
3.3 Results and Discussion 
The properties of synthetic nanocomposites are strongly dependent on the mineral size, 
composition, and the surface structure as well as its interaction with the surrounding organic 
matrix. Mineralization of an organic matrix increases the mechanical strength provided that the 
mineral is distributed uniformly and has molecular-level interactions with the templating organic 
matrix. XRD, TEM, SANS, and NMR are a powerful set of complementary techniques that yield 
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information about the size of the mineral nanocrystals as well as the effect of mineralization on 
the structure of the templating organic polymer. 1D and 2D NMR techniques uniquely enable 
selective molecular characterization of the nanocrystal surface and core, as well as the mineral–
organic interactions, from which insights about the influence of citrate and formation of the 
nanocomposites can be obtained.  
XRD.  XRD patterns of the four synthesized samples after freeze drying and after washing 
are shown in Figures 3.1 and 3.2, respectively. When compared to the pure NIST hydroxyapatite 
(HAp) pattern, the patterns show similarities and differences. The peaks in the diffraction pattern, 
in particular the intense bands at approximately 2= 32° and 2= 26°, confirm that the 
mineralized phase is predominantly HAp. While the patterns of the synthesized materials differ 
from those of NIST HAp in showing much broader peaks, they are very similar to those of human 
bone and dentin.
30
 The broad peak at approximately 2= 32° is a composite band contributed 
from three of the most intense peaks of HAp [(211), (112), and (300) planes]. These broad peaks 
are indicative of the formation of HAp crystals in the low nanometer size range. Additional 
diffraction peaks seen in Figure 3.1 at 2= 21° and 2= 24° were assigned to crystalline 
polyethylene oxide
11
 which was confirmed by the much reduced intensity of these two peaks after 
removal of the polymer by washing (see Figure 3.2). Most importantly, it is seen from Figure 3.2 
that as the concentration of citrate in the synthesis was increased, the diffraction peaks broadened, 
which indicates that the size of the HAp nanocrystals is decreased. This is consistent with the 
NMR results, as discussed in more detail below. 
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Figure 3.1 XRD patterns of Pluronic polymer-hydroxyapaite nanocomposite samples with 
different citrate concentrations after freeze drying. The diffraction pattern of NIST HAp is shown 
for reference. 
 
Figure 3.2 XRD patterns of Pluronic polymer-hydroxyapatite nanocomposites after washing. The 
diffraction pattern of NIST HAp is shown for reference. 
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TEM.  HAADF-STEM is sensitive to scattered electrons generated in proportion to the 
atomic number (Z) of the atoms in the specimen. It can be used for obtaining compositional and 
morphological information of a sample (Z-contrast imaging), where contrast varies roughly as a 
function of Z
2
.
31,32
 It is, therefore, possible to image high-Z species inside a densely populated 
lower-Z environment of a nanocomposite specimen. Example of such analysis of the unwashed 
hydroxyapatite samples is shown in Figure 3.3. Dark-field (DF) images are obtained with 
HAADH-STEM at the magnification of 110,000. Here the bright spots correspond to the calcium-
rich thicker areas of the nanocomposite. According to Figure 3.3, the sample prepared with the 
highest concentration of citrate has the shortest and thinnest particles. 
 
 
Figure 3.3 HAADF-STEM images of hydroxyapatite nanocrystals fabricated within a Pluronic 
polymer matrix using different citrate concentrations: (a) 0 mM; (b) 2 mM; (c) 10 mM; (d) 40 
mM. All scale bars are 50 nm. 
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Figure 3.4 shows Bright-Field (BF) Transmission Electron Micrographs obtained at a 
magnification of 88,000. Analysis both in the BF TEM mode and HAADF-STEM mode reveals 
elongated particles of approximately 5 nm thickness and a mean particle length of 50 nm. These 
data are in good agreement with the results from the other techniques.  
 
 
Figure 3.4 Bright field TEM images of hydroxyapatite nanocrystals fabricated within a Pluronic 
polymer matrix using different citrate concentrations: (a) 0 mM; (b) 2 mM; (c) 10 mM; (d) 40 
mM. The magnification is 88,000, and scale bars are 20 nm. 
(a) 
(c) 
(b) 
(d) 
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SANS.  Figure 3.5 shows SANS data in a plot of log I(q) vs. log (q) for Pluronic polymer- 
hydroxyapatite nanocomposite gels with different citrate concentrations. Due to the small neutron 
scattering contrast between D2O and calcium phosphate, whose isotopes all have positive 
scattering lengths of similar magnitudes, the inorganic component is essentially invisible here. 
This enables selective observation of the structure of the polymer micelles. For all four samples, a 
pronounced peak is observed at essentially the same qmax of 3 A
-1
, which corresponds to a 
characteristic length scale of ca. 15 nm. This peak was observed previously for the neat hydrated 
Pluronic material and shown to be due to the self-organization of the triblock copolymer into 
micelles
11
. The fact that the observed scattering pattern is very similar for the different samples 
indicates that the nanocrystals as well as the citrate molecules are incorporated into the organic 
matrix in a manner that does not disrupt the self-assembled structure of the pluronic polymer 
micelles.   
 
Figure 3.5 SANS curves of Pluronic-hydroxyapatite nanocomposites fabricated using different 
citrate concentrations.  
51 
 
NMR characterization of the synthetic composites. Direct-polarization (DP) 1D solid state 
31
P NMR spectra yield quantitative site populations of the different phosphate species precipitated 
in the mineral phase. Figure 3.6 shows the 
31
P DP NMR spectra of composites synthesized with 
Pluronic polymer, calcium phosphate, and citrate of different concentrations (bold line). Analysis 
of spectra reveals two overlapping spectral components that are recognizable in all four samples, 
which correspond to two different phosphate species.
33
 The first is represented by a relatively 
sharp peak resonating at ~2.8 ppm, characteristic of orthophosphate (PO4
3-
) in hydroxyapatite 
(HAp).  2D 
1
H-
31
P HetCor NMR further prove it to be from HAp by its connection to the OH
-
 
1
H 
resonance in experiments described below. The second phosphate species exhibits a broad peak 
centered around 2 ppm and with a full width at half maximum (FWHM) of 5 ppm, indicating a 
disordered phosphate environment. The NMR signal of the phosphate species near protons (
1
H) 
can be selectively enhanced by 
31
P{
1
H} cross polarization (CP). The CP spectra (Figure S1) of 
the samples show lineshapes different from those in the DP 
31
P spectra due to this selective 
enhancement. In Figure S1 the signal of the disordered phosphate component is selectively 
enhanced over that of the HAp phosphate species. This indicates that the disordered phosphate 
component has a closer proximity to 
1
H than the HAp component.
33
  
On the other hand, based on the difference in their distance from the surface and polymer 
protons (which exhibit strong spin-spin interactions and therefore a short spin-spin relaxation 
time T2), the two phosphate components can be separated by 
1
H-
31
P HARDSHIP NMR 
experiments, in which 
31
P signal of the disordered phosphate is dephased (suppressed) by protons 
with short T2 much faster than that of HAp.
29
 This differential dephasing enables a deconvolution 
of the overlapping DP spectra of the two phosphate components into two separate components as 
shown in Figure 3.6 (thin lines).   
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Quantification of surface and core phosphates of the synthetic HAp in each sample is done by 
integrating the two components in the deconvoluted DP spectra in Figure 3.6. The results in Table 
3.1 show that as the citrate concentration is increased from 0 to 40 mM, the amount of surface 
HPO4
2-
/PO4
3-
-H2O species nearly doubles from 27% to 52%, while the core PO4
3-
 content 
concomitantly decreases from 73% to 48%, which indicates that the specific surface area of the 
nanocrystals increases. In other words, the addition of citrate results in smaller HAp crystals. 
 
Figure 3.6 Direct polarization (DP) 
31
P NMR spectra of composites synthesized with Pluronic 
polymer, calcium phosphate, and with ammonium citrate of different concentration. a) 0 mM 
citrate, b) 2 mM citrate, c) 10 mM citrate, d) 40 mM citrate. The spectra have been deconvoluted 
into a relatively sharp peak, obtained experimentally after long 
31
P{
1
H} HARDSHIP dephasing of 
surface phosphates by polymer or surface protons and assigned to the hydroxyapatite core of the 
nanocrystals, and a remaining broad component of surface PO4
3-
/PO4
3-
-H2O. Magic angle 
spinning frequency: r = 6.5 kHz.  
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13
C NMR of bound citrate.  Detection of the bound citrate itself is possible in 
13
C NMR.  
Figure 3.7 compares cross polarization 
13
C NMR spectra of the composites with 0 and 40 mM 
citrate.  Signals at 48 and 181 ppm appearing in the citrate-containing sample must be assigned to 
the CH2 and COO
-
 groups of citrate, respectively,
17
 while the signal of the central quaternary C-
OH carbon of citrate expected near 76 ppm is hidden by overlap with the strong peak of PEO.  
The large width of the lines is characteristic of apatite-bound citrate,
17
 while crystalline citrate 
shows much sharper peaks, with widths of less than 1 ppm.
17  
 
Figure 3.7 
13
C CP/MAS NMR spectra of composites of Pluronic polymer and calcium phosphate 
synthesized with (a) 0 and (b) 40 mM ammonium citrate.    
 
54 
 
Nanocomposite formation. The formation of the nanocomposite is proved most 
convincingly by monitoring the 
1
H spin diffusion from polymer protons to the mineral phase in 
2D 
1
H-
31
P HetCor experiments.
8
 With increasing 
1
H spin diffusion time, the presence of the 
polymer OCH2 (4 ppm) and CH3 (1.5 ppm) peaks in the 
1
H-
31
P HetCor experiments (Figures 3.8 
and S3, tSD= 5, 50, and 500 ms) proves that in all four samples the mineral is in nanometer-scale 
contact with the organic matrix. The addition of citrate enables formation of crystals that are so 
small that even after a short 
1
H spin diffusion time of only 0.05 ms, the OCH2 proton peak at 4 
ppm is observed, proving contact between the inorganic phosphate and Pluronic polymer. This is 
most apparent in Figure 3.8(b) for the nanocomposite synthesized with the highest citrate 
concentration (40 mM). At longer spin diffusion times, one can see the 
1
H peak at 1.3 ppm, from 
CH3 of the hydrophobic PPO segments at the core of the Pluronic block-copolymer micelles 
appear. At the same spin diffusion times, magnetization has arrived from the relatively mobile 
OCH2/OCH of PEO and PPO, and NH4
+
 of the starting material (NH4)2HPO4, whose signals 
appear at 4 ppm and 7.3 ppm, respectively. This is balanced by a decrease in the relative intensity 
of the OH
- 
and HPO4
2-
 signals at 0.2 ppm and 11 ppm, respectively. Equilibrium of the 
magnetization between HAp and Pluronic polymer, evidenced by similar relative peak intensities 
in all 
1
H cross sections, is reached within 500 ms 
1
H spin diffusion in all samples. 
1
H spectra 
taken at 1 ppm 
31
P exhibit faster spin diffusion to polymer protons than those taken at 2.8 ppm, 
which again confirms that the disordered phosphate component is at the organic-inorganic 
interface.  
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Figure 3.8 
1
H spectra from cross sections taken at 2.8 ppm and 1.0 ppm 
31
P of 2D 
1
H-
31
P HetCor 
NMR spectra of composites synthesized with Pluronic polymer, calcium phosphate, and a) 0 mM, 
and b) 40 mM ammonium citrate. The 
1
H spin diffusion times tSD are 0.05, 5, 50, and 500 ms.  
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Nanocrystal size. The size of the nanocrystals is crucial to the overall performance and 
properties of nanocomposite materials. In the present syntheses, it is also a measure of the 
specific molecular interactions of citrate with the mineral phase, whereby it promotes, and more 
importantly, stabilizes the HAp phase at a few nanometer thickness. The rate of 
1
H
 
spin diffusion 
from the organic protons to the mineral matrix, observed in a series of 
1
H-
31
P HetCor spectra 
reveals that spin diffusion between the organic and inorganic protons is faster as the citrate 
concentration is increased from 0 mM to 40 mM. This indicates that on average, the mineral has a 
larger surface area in contact with the organic phase in the 40 mM citrate sample than at lower 
citrate concentrations. This means that the average nanocrystal size decreases as more citrate is 
added. This trend is seen most clearly in a comparison of spectra from all samples after 5 ms of 
1
H spin diffusion (Figure 3.9). With the intensities of the OH
-
 peaks scaled to equal height, the 
spin diffusion rate can be gauged by the intensity of the polymer 
1
H peaks, in particular the 
OCH2/OCH at 4 ppm. The sample with 40 mM citrate shows the most intense OCH2/OCH peak 
and thus the fastest 
1
H spin diffusion and therefore the smallest HAp crystals, followed by the 
samples with 10, 2, and then 0 mM citrate. The faster spin diffusion also implies more extensive 
interactions between mineral and polymer matrix, which is favorable to the stability of the 
nanocomposite. 
The thickness of HAp nanocrystals can be estimated from (i) the results of 
1
H-
31
P HetCor 
experiments with 
1
H spin diffusion; (ii) the surface and core fractions derived from deconvoluted 
DP spectra; (iii) the width of the (310) peak in X-ray diffraction; and (iv) the 
31
P{
1
H} 
HARDSHIP signal decay. In principle, the 
1
H spin diffusion time required to reach equilibrium in 
1
H-
31
P HetCor experiments can be used to estimate the thickness of the inorganic domain, but this 
requires knowledge of spin diffusion coefficients and 
1
H densities in the organic and inorganic 
layers. Nevertheless, even without these parameters available, the thickness of apatite crystals can 
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still be approximately evaluated based on the similar synthetic systems in our previous published 
results. All the samples discussed in this paper exhibit faster spin diffusion than the Pluronic30-8 
sample
11
 made with Pluronic polymer and calcium phosphate salt without citrate under similar 
experimental conditions, which was characterized by various techniques, including wide-angle X-
ray diffraction, solid state NMR, small angle neutron/X-ray scattering (SANS/SAXS), and TEM, 
and in which the thickness of the HAp crystals is ~ 4.8 nm. Therefore, the thickness of the HAp 
crystals in all the samples in this paper is < 5 nm.  
With a surface phosphate layer of ds ≈ 0.4-nm thickness, the typical aspect ratio of crystals in 
bovine bone
34,35
 and the surface-to-volume ratio of apatite crystals, the crystallite thickness d of 
the four synthetic samples presented in this paper can be estimated based on  
 
 Fraction of surface HPO4
2-
and PO4
3-
 = ds x (Surface/Volume) 
  = ds x 2 x (L x W + L x d + W x d)/(L x W x d)   (1)  
For long thin crystals, Eq.1 simplifies to S/V ~ 2/d. Since the length (L) and width (W) of the 
crystals are not infinite, a more accurate estimate needs to consider changes in length and width 
of HAp crystals. Assuming a fixed aspect ratio of d:W:L = 1:3:6, we have S/V = 3/d according to 
Eq. 1 and the crystal thicknesses of the synthetic HAp range between 2.3 and 4.4 nm, as listed in 
Table 3.1.  
For comparison, the HAp crystal diameters have also been estimated by applying the Debye-
Scherrer equation 
 d = K/(B1/2 cos       (2)  
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 to the (310) X-ray diffraction peak of the washed samples synthesized with different citrate 
concentrations, where K is chosen as 0.9,  = 0.154 nm is the x-ray wavelength, B1/2 is the full 
width at half maximum (FWHM) of the diffraction peak, and  = 20o is half the diffraction angle 
of the (310) peak. The crystal thicknesses calculated from X-ray diffraction, see Table 3.1, are 
somewhat smaller than those estimated from the phosphate compositions. This can be attributed 
to the disordered surface layers (> 0.6 nm thickness combined) that may not contribute to the 
coherent scattering.   
 Analysis of 
31
P{
1
H} HARDSHIP NMR data by curve fitting
29
 gives crystal thicknesses 
between 3.5 and 2.2 nm, again for d:W:L = 1:3:6 and with 2 x 0.3 nm of surface layers beyond 
the surface phosphorus layers.  The thickness values obtained from HARDSHIP, listed in Table 
3.1, are similar to those from the surface-top-volume ratio.  
   Our data show no indications of a broad distribution of crystallite thicknesses. The various 
crystallites in each micrograph of Figure 3.4 show similar thicknesses, and the Bragg peaks in the 
XRD patterns of Figure 3.2 seem to have a fairly homogeneous envelope, rather than broad and 
narrow components from small and large crystallites, respectively.  The fairly good agreement in 
the thickness values obtained by different methods is also an indication of a fairly narrow 
thickness distribution. Finally, the broadening of the narrow component in the 
31
P NMR spectra 
of Figure 3.6 with decreasing crystal thickness indicates that the cores of most crystallites are 
subject to more disorder as the crystallites get thinner; this rules out the assignment of that narrow 
component to a set of thick crystals.   
Mechanism of apatite crystal size reduction by citrate. The three carboxyl groups of 
citrate have pKa values of 3.1, 4.8, and 6.4, therefore, at pH =7.5-8, they are completely ionized 
and can bind strongly to Ca
2+
 on the HAp surface.  In studies of citrate in natural bone
36
 or of 
citrate interacting with HAp in vitro,
19,20,22,37
 citrate is found on the surface of apatite crystals 
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without being incorporated within the crystal lattice, due to the relatively larger size of citrate 
molecules compared with lattice ions, such as phosphate or OH
-
; this indicates that once citrate 
molecule occupies certain surface area of growing apatite, the further crystal growth on top of 
that area will be terminated unless the citrate molecule departs. In addition, surface bound citrate 
molecules generate a negatively charged surface area
17a
, which repels negatively charged 
phosphate ions, thus inhibiting further crystal growth. Via electrostatic repulsion, the negatively 
charged apatite surface also prevents the aggregation of the primary crystallites into bigger 
particles.
19
  
 
 
Figure 3.9 
1
H spectra from cross sections of 2D 
1
H-
31
P HetCor NMR spectra with 5 ms of 
1
H spin 
diffusion in composites of Pluronic polymer and calcium phosphate synthesized with 0, 2, 10, or 
40 mM ammonium citrate. 
1
H spectra were taken at a) 2.8 ppm 
31
P, b) 1.0 ppm 
31
P. The height of 
the OH
-
 peak at 0.2 ppm has been normalized for convenience of comparison.   
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Table 3.1 Composition of phosphates formed in Pluronic polymer and HAp nanocomposites with 
different citrate concentrations quantified based on the deconvolution of the DP spectra. The 
estimated HAp crystal thicknesses based on the ratio of surface phosphates (HPO4
2-
 and PO4
3-
-
H2O) and the total phosphates are also listed and compared with the thicknesses calculated by 
applying the Debye-Scherrer formula to the (310) peak in the wide-angle X-ray diffraction 
patterns of the washed samples.  The uncertainties of the thickness values are also specified. 
Citrate 
Concentration  
Core 
PO4
3-
  
Surface 
HPO4
2-
 
and 
PO4
3-
-
H2O  
Estimated 
crystal 
thickness 
from surface 
fraction  
(± 0.5 nm) 
Estimated 
crystal 
thickness 
HARDSHIP 
NMR 
(± 20 %) 
Estimated 
crystal 
diameter 
from X-
ray 
diffraction 
(±15%) 
0 mM 73 % 27 % 4.4 nm 3.5 nm 4.0 nm 
2 mM 59 % 41 % 2.9 nm 2.7 nm 2.4 nm 
10 mM 57 % 43 % 2.8 nm 2.6 nm 2.3 nm 
40 mM 48 % 52 % 2.3 nm 2.2 nm 1.5 nm 
 
3.4 Conclusions 
The molecular species, their relative concentrations, and the proximity of different inorganic 
and organic components in synthesized bone-mimicking nanocomposites have been assessed by a 
full complement of NMR, diffraction, and electron microscopy. Our data show that the addition 
of citrate in the bottom-up synthesis of self-assembled Pluronic polymer and HAp 
nanocomposites enables molecular control over the growth of the apatite crystal size, similar as in 
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native bone. The combination of XRD and 
1
H-
31
P NMR techniques show that citrate is able to 
stabilize HAp crystals of extremely small thickness (2 nm, ~ 3 unit cells), over other calcium 
phosphate species. The mineralization of the organic matrix occurs without disturbing the 
supramolecular structure of the polymer gel, as documented by the nearly unchanged SANS 
patterns with and without citrate. The crystal size of HAp can be fine-tuned on the nanometer 
scale by varying the citrate concentration. By using similar concentrations of citrate as in body 
fluid, we have successfully produced apatite nanocrystals that mimic those in natural bone. The 
increase in citrate concentrations to 40 mM makes the HPO4
2-
/PO4-H2O surface species the 
dominant fraction of the mineral phase, as determined by careful analysis of quantitative 
31
P 
NMR spectra. The presence of citrate and the structural similarity of the synthetic HAp 
nanocrystals with bone apatite may contribute to better biocompatibility of these nanocomposites.  
Supporting Information Available:  Figures with cross-polarization 13C NMR spectra and 
cross sections from 
1
H-
31
P HetCor spectra. This material is available free of charge via the 
internet at http://pubs.acs.org. 
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Chapter 4 Bioinspired synthesis and characterization of mesoporous 
zirconia templated by cationic block copolymers in aqueous media 
Xunpei Liu, Qinwen Ge, Aditya Rawal, German Parada, Klaus Schmidt-Rohr, Mufit Akinc, and 
Surya K. Mallapragada* 
This chapter is modified from a paper published in Science of Advanced Materials, 2013, 5, 
354-365. My contribution to this work includes: developing the pluronic F127 conjugate template, 
characterization of the conjugates by DLS and FPLC, synthesis of the pentablock copolymer, 
synthesis of the mesoporous zirconia, and characterization of the mesoporous zirconia by TGA, 
XRD, TEM, and SANS.  
Abstract 
Mesoporous zirconia has attracted great attention from the research community due to its 
unique properties such as high surface area, uniform pore size distribution, and large pore volume. 
Self-assembled structures have been used as directing agents to synthesize mesoporous zirconia. 
Here, we investigate the use of self-assembling block copolymers conjugated to cationic 
biomolecules such as lysozyme, as well as self-assembling cationic block copolymers as 
templates for synthesis of mesoporous zirconia in completely aqueous media. We believe this is 
the first report of a synthesis of mesoporous zirconia in completely aqueous media with 
biomolecules, thereby opening up opportunities for different mechanisms for controlling zirconia 
synthesis. The inorganic content of the nanocomposite was determined by TGA, while the 
structure and composition of the samples was characterized by XRD, nitrogen adsorption, TEM, 
SEM, SANS, and solid state NMR. The results showed that zirconia nanocrystals formed after 
calcination of the as-synthesized nanocomposite at 500 ˚C, and significant crystal growth was 
observed only after 900 ˚C calcination. The conjugate-templated zirconia showed a surface area 
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of 174 m2/g after calcination at 500 °C, and retained its tetragonal structure even after calcining 
at 900 ˚C. The cationic pentablock copolymer-templated zirconia showed the highest surface area, 
191 m2/g, after calcination at 500 °C, and also demonstrated improved thermal stability. This 
bioinspired method can be easily scaled up and potentially used for synthesis of other oxides.  
Key words: Mesoporous zirconia, bioinspired synthesis, templating, aqueous media 
4.1 Introduction 
In recent years, zirconia has received much attention from the materials research community 
due to its attractive intrinsic properties such as hardness, shock wear, excellent acid and alkali 
resistance, low frictional resistance, and high melting temperature.
1
 It has been widely used in 
applications, such as gas sensors, solid oxide fuel cells (SOFCs), catalysis, catalysis carriers, and 
orthopaedic implants.
1–4
 However, bulk zirconia synthesized by the conventional methods usually 
have relatively low specific surface area (<100 m
2
 g
−1
) and microporosity, which limit some of its 
applications.
4
 Much research has been focused on increasing the specific surface area of zirconia. 
Synthesis of mesoporous zirconia has received significant attention, due to its high surface area, 
uniform pore size distribution, and large pore volume.
5
  
A number of synthesis methods such as sol–gel synthesis, aqueous precipitation, thermal 
decomposition, and hydrothermal synthesis have been reported.
1
 However, some of these 
methods require extremes of temperature or pressure, or are costly. A large number of researchers 
have focused on the preparation of porous zirconia with high specific surface area by using self-
assembled structures as directing agents. The unique of the synthesis of mesoporous materials is 
its focus on the use of supramolecular assembly of template molecules as structure-directing 
agents. Self-assembly of block copolymers, surfactants, colloidal suspensions and proteins, which 
create nanostructures through versatile approaches, plays a key role in directing the formation of 
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organized porous structures.
5–7
  
Block copolymers, especially amphiphilic block copolymers, have been increasingly used to 
organize mesostructured composites. For example, Pluronic block copolymers have been used as 
structure-directing agents for organizing different inorganic material networks.
5,8–10
 Yang et al. 
synthesized large-pore mesoporous metal oxides, with semicrystalline frameworks using Pluronic 
P-123 as template in organic solvents.  
Previous research on templated zirconia synthesis was almost exclusively carried out in 
organic solvents.
4–6,8,11–14
 This is probably the reason that there are hardly any bioinspired 
methods for the synthesis of zirconia, although such approaches provide environmentally clean 
and energy-conserving processes, and have been widely used to synthesize other oxides such as 
silica.
15
 A few studies have recently reported biosynthesis of zirconia, but these methods suffer 
from several limitations.
1,16
 Bansal et al. synthesized zirconia nanoparticles using the fungus 
Fusarium oxysporum, and pointed out that a cationic protein in the fungus may play an important 
role in the biosynthesis.
1
 Although zirconia was successfully synthesized under mild conditions, 
this study was limited by the availability of the fungus, the difficulties in identification and 
separation of the protein, and the very low yield of zirconia. Jiang et al. reported zirconia 
synthesis catalyzed and templated by lysozyme.
16
 This protein (MW 14.7 kDa, 147 amino acid 
residues, pI=10.5) is one of the most prominent members in the class of cationic enzymes, which 
can hydrolyze the glycosyl groups. Recent reports indicate the involvement of lysozyme in the 
biomineralization of silica, titania, and calcium carbonate, and heat-denatured lysozyme has also 
been implicated in the synthesis of bismuth sulfide, although the mechanism is unclear.
17
 
However, the zirconia yield was very limited due to the low solubility of the precursor (K2ZrF6).
16
 
In addition, the fluoride precursor is neither environmentally safe, nor inexpensive for large scale 
zirconia production. Moreover, neither of these were mesoporous zirconia. 
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Previously we have used bioinspired approaches involving Pluronic polymers conjugated to 
mineralization peptides to template calcium phosphate nanocomposites.
18
 Using a similar 
approach in this study, we have used Pluronic triblock as well as cationic pentablock copolymer 
templates conjugated with lysozyme as the mineralization protein to synthesize mesoporous 
zirconia with high surface area in completely aqueous media. Aqueous solutions of Pluronic F127 
(PF127) and the cationic pentablock copolymers (poly(diethylaminoethylmethacrylate) 
(PDEAEM) blocks attached to PF127) self-assemble into spherical micelles at low temperature 
and concentration, and transform to viscous gels with increasing temperature (typically above 
25 
°
C) or concentration.
10
 Since cationic groups have shown to be important for zirconia synthesis 
in aqueous solutions, the PDEAEM is responsive to pH changes and provides tertiary amine 
groups. In addition, at specific temperature and pH ranges (T>50
 ˚C and pH  of 8-11), PDEAEM-
based pentablock copolymers can form cylindrical micelles in aqueous solutions.
19,20
 These 
various  self-assembled polymer micelle structures were used as templates for the mesoporous 
zirconia formation. The synthesized zirconia was characterized and found to exhibit high specific 
surface area, porosity and thermal stability even at high temperatures. This is the first time that 
mesoporous zirconia was reported to be synthesized in completely aqueous media, with a 
potential to be scaled up relatively easily.  
4.2 Experimental Section 
4.2.1 Chemicals and Materials 
Triblock copolymer poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide ) 
Pluronic F127 (PF127) (PEO100PPO65EO100, Mav = 12600 g mol
−1
), lysozyme from chicken egg 
white, zirconium(IV) oxynitrate hydrate (ZrO(NO3)2) (99.99%), N,N –(diethyl amino)ethyl 
methacrylate (DEAEM), succinic anhydride, and N-hydroxy succinimide(NHS) were all 
purchased from Sigma-Aldrich. Ammonium hydroxide was purchased from Fisher scientific. All 
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of the chemicals were used as received without further purification. A bicinchoninic acid (BCA) 
protein assay kit and dialysis cassettes were purchased from Thermo Scientific. Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) kit was purchased from Bio-Rad. 
4.2.2 Synthesis of Pluronic-lysozyme conjugate, and pentablock copolymers 
The Pluronic was conjugated to the lysozyme using an NHS-based coupling method.
18
 The 
hydroxyl end groups of PF127 Pluronic were converted to carboxyl groups by reacting it with 
succinic anhydride in pyridine. The carboxyl-terminated PF127 was activated by reaction with 
NHS at room temperature for 24 h. The NHS-activated PF127 was then covalently bonded 
(conjugated) with lysozyme. After reacting at room temperature for 24 h in PBS buffer, the 
mixture was dialyzed against water, using a cellulose ester membrane with a molecular weight 
cut off of 25,000 (Thermo Scientific), for 4 days at room temperature to remove the unreacted 
polymer and lysozyme. The mixture was then freeze dried to form the solid conjugate. 
The cationic pentablock copolymer (PDEAEM-based) exhibits reversible pH and thermo-
responsive behavior, and was synthesized by atom transfer radical polymerization (ATRP). 
Poly(diethyl amino ethyl methacrylate) (PDEAEM) blocks were grown to the ends of PF127 by 
ATRP as described earlier.
21
  
Scheme 1. Structure of the cationic pentablock copolymer (PDEAEM-based pentablock) 
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4.2.3 Characterization of the conjugate  
The synthesized conjugate was characterized by fast protein liquid chromatography (FPLC) 
and SDS-PAGE to confirm covalent binding between the PF127 and lysozyme, and to estimate 
the molecular weight. A BCA assay was used to determine the percentage of lysozyme in the 
conjugate. Dynamic light scattering (DLS) was used to observe the micelle sizes of the 
conjugates formed in aqueous media.  
FPLC. The size-exclusion chromatography studies were carried out using an AKTA FPLC 
system (GE healthcare) through a prepacked Superdex 75 column. The flow rate was 0.4 mL/min. 
The sample was the solution right after the conjugation reaction of Pluronic-NHS and lysozyme. 
The intensity was measured based on the absorbance of UV light (A280) by the aromatic amino 
acids. The fractions of the FPLC were collected at 0.5 mL each, and selected to run SDS-PAGE 
to estimate the molecular weight of the fractions. 
DLS. The diameter of the micelles formed by the PF127 and PF127-lysozyme conjugate in 
water was determined using quasi-elastic light scattering (Zetasizer Nano, Malvern Instruments 
Ltd.) with laser irradiation at 633 nm.  
4.2.4 Synthesis of the zirconia nanocomposite and mesoporous zirconia 
Since a sol-gel process was important for the polymer to template the zirconia formation, the 
amount of polymer template in each sample was chosen at a percentage that allows the polymer 
and precursor mixture to form a viscous solution at 4 
°
C and self-assemble to form a physical gel 
at room temperature. The conjugate amount was limited by its solubility in water; therefore, 
additional PF127 was added to help gel formation during the aging process.  
In a typical synthesis, the zirconia precursor solution was prepared by dissolving 1.15 g 
ZrO(NO3)2 into 10 mL water. To this solution, 3.0 g PF127, 2.6 g PF127 and 0.4 g conjugate, or 2 
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g PDEAEM was added and dissolved at 4 
°
C. The solution was then brought up to room 
temperature, which resulted in formation of a gel within 30 minutes. After the gel formation, 
ammonium hydroxide (28-30%) was added with stirring until the pH was equal to 10. A few 
samples were prepared at pH=4. A white precipitate was formed within the gel when ammonium 
hydroxide was added. The precipitated gel was aged at room temperature or 60 ˚C for 3 days 
before washing three times with water to remove the ammonium nitrate, excess ammonium 
hydroxide, and free polymer. The sample was then frozen in liquid nitrogen and lyophilized for 
two days to obtain polymer/zirconia nanocomposite powder. The composite was heated to 500 ˚C 
or 900 ˚C for 3 hours in air to pyrolyze the polymer template and form mesoporous zirconia for 
further characterization. Six representative samples are selected for detailed characterization as 
shown in Table 4.1: 
Table 4.1 List of samples with their different polymer templates and aging conditions 
 
4.2.5 Characterization of the zirconia nanocomposite and mesoporous zirconia 
Polymer/zirconia nanocomposite and mesoporous zirconia samples were characterized by 
thermogravimetric analysis (TGA), X-ray diffraction (XRD), nitrogen sorption, transmission 
electron microscopy (TEM), scanning electron microscopy (SEM), small angle neutron scattering 
(SANS), and solid state nuclear magnetic resonance (NMR) techniques. 
TGA. The percentage of inorganic material in the nanocomposite was determined by TGA, 
which was performed on TGA 7 equipment (Perkin Elmer). Approximately 10 mg of the freeze 
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dried nanocomposite sample was placed in a platinum pan, and was heated from room 
temperature to higher temperature at a rate of 10 
°
C/min under 20 mL/min air flow. Isothermal 
heating at 500 ˚C for 3 hours was applied to some samples.  
XRD. The crystal structure of the calcined zirconia was studied by an X-ray diffractometer 
(X’Pert PRO, PANalytical Inc.). The diffractometer was operated at 45 kV and 40 mA. The 
monochromatic light was from Cu α radiation with a wavelength of 0.15418 nm. The scan rate 
was 0.021
°
/s with a step size of 0.017
°, over the range of 20° ≤ 2θ ≤ 80°. X’pert Data collector 
software was used to collect the data. 
Nitrogen sorption. Nitrogen adsorption and desorption runs were carried out using an 
AUTOSORB-1 QUANTA CHROME Instrument (Quantachrome Corporation). The adsorption 
and desorption isotherms of the 500 ˚C calcined zirconia were obtained at     . All samples were 
degassed under vacuum at 110 ˚C prior to adsorption. Surface area was calculated by applying the 
Brunauer-Emmett-Teller (BET) method and using the data in the 0.03< P/P0< 0.3 range. The pore 
size distribution was calculated using the Barrett-Joyner-Halenda (BJH) method and the 
desorption branch of the isotherm plot. The total pore volume was calculated based on the volume 
of nitrogen adsorbed near saturation pressure. 
TEM. Imaging of the samples was performed using a Tecnai G2 F20 Scanning Transmission 
Electron Microscope (STEM) (FEI Company, Hillsboro, OR) equipped with High Angle Annular 
Dark Field (HAADF) and Energy Dispersive X-ray Spectroscopy (EDS) detectors at an operating 
voltage of 200 kV. 20 µL of diluted zirconia powder suspension was deposited on a holey carbon-
supported copper grid. Multiple areas of each sample were examined.     
SEM. Morphological features of the synthesized mesoporous zirconia were studied by FEI 
quanta 250 SEM (FEI Company, Hillsboro, OR). 20 µg of zirconia powder sample was dispersed 
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on a carbon stub, and was sputter-coated with iridium for imaging. Multiple areas of each sample 
were examined. 
SANS. This technique was used to highlight the structure of the block copolymer in the 
nanocomposite gels. In a deuterated solvent, the polymer phase has higher neutron-scattering 
contrast than the inorganic phase.  A specific batch of samples using D2O as solvent was prepared 
for the characterization. The SANS measurements were performed on the Low-Q Diffractometer 
(LQD) of the Lujan Center at Los Alamos National Laboratory (LANL). The nanocomposite 
samples during the aging stage were sealed in quartz benjo cells with a 2-mm path length.  The 
scattering vector, q, was varied between 0.003 Å
−1
 < q < 0.3 Å
−1, where q = (4π/λ) sin(θ/2) with 
the neutron wavelength λ and the scattering angle θ. The scattered intensity I(q) was placed on an 
absolute scale in the units of cm
−1
. SANS data were reduced by software provided at the Lujan 
center and corrected for empty-cell and background scattering. 
NMR. Solid-state NMR spectra were obtained using a Bruker Biospin DSX-400 
spectrometer (Bruker-Biospin, Billerica) at 400 MHz for 
1
H and 100 MHz for 
13
C. A Bruker 7-
mm double-resonance magic-angle-spinning (MAS) probe-head was used with a spinning 
frequency of 7 kHz.  The 90
°
 pulse length was 4.5 μs for 1H and 4 μs for 13C. A 150-s recycle 
delay was used in direct-polarization 
13
C NMR experiments, with two-pulse phase-modulation 
(TPPM) heteronuclear decoupling during detection. 
4.3 Results and Discussion 
4.3.1 Characterization of the Pluronic-lysozyme conjugate  
The covalent attachment between PF127 and lysozyme was confirmed by FPLC and SDS-
PAGE, shown in the supporting information. The conjugate had a molecular weight of about 30 
kDa. Some larger molecular weight fractions were also detected, which may be due to the non-
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specific binding between the NHS-modified PF127 and the free amine groups in lysozyme. The 
BCA assay indicated that lysozyme constitutes 38 wt.%  of the conjugate.  
Figure 4.1 shows the diameter of the lysozyme molecules  and of the micelles formed by 
PF127 and conjugate as determined by DLS. The conjugate micelles were larger than the PF127 
micelles, and the increase was probably due to the lysozyme end groups on the conjugate. A 
small fraction of larger micelles (around 13 nm) observed for the conjugate is attributable to and 
consistent with the formation of the larger molecular weight conjugates mentioned above. 
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Figure 4.1 DLS of lysozyme, conjugate and PF127 in water, molecule or micelle size distribution 
by number 
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4.3.2 Characterization of zirconia nanocomposite and mesoporous zirconia 
TGA. A thermogravimetric analyzer was used to determine the decomposition temperature of 
the polymeric templates and the fraction of the inorganic phase in the composite. Figure 4.2 
shows the TGA results obtained by heating the pure polymer templates. PF127 was totally burned 
off by 400 ˚C. Lysozyme was burned off once the temperature reached  00 ˚C. To mimic the 
annealing conditions, pure pentablock, lysozyme and the conjugate were heated to 500˚C and 
maintained at 500 ˚C for 3 hours. After a 3-hour isothermal hold at 500 ˚C, almost all the organics 
were gone. Therefore, only inorganic zirconia was left after the freeze-dried nanocomposite had 
been calcined at 500 ˚C for 3 hours. 
The inorganic content of each zirconia nanocomposite sample can be estimated from Figure 
4.3. The sample prepared under identical conditions except without any organic template resulted 
in 77 % zirconia, and the 23 % weight loss corresponds to almost exactly the dehydroxylation of 
the Zr(OH)4 precipitate according to: 
Zr(OH)4  → ZrO2 + 2H2O 
More organics remained in the conjugate templated sample than in the PF127-templated one 
(i.e. the zirconia content was lower in the conjugate than in PF127), indicating that the lysozyme 
helped enhance the interactions between the template and the precursor, which was also 
confirmed by solid state NMR as discussed later. Although the mechanism is still unknown, the 
cationic property of lysozyme may play an important role.
1,16
 The fact that the cationic pentablock 
templated samples had an even higher fraction of polymer, about 55% to 65%, indicate its more 
extensive interactions with the zirconia precursor. 
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Figure 4.2 TGA of organic templates: PF127 and lysozyme were heated to 500 °C and 900 °C, 
respectively, with a ramp of 10 °C/min; pentablock, lysozyme and conjugate were heated to 
500 °C with a ramp of 10 °C/min, and then kept at 500 °C for an isothermal step for 3 hours. 
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Figure 4.3 TGA for freeze dried zirconia nanocomposites with different templates shown in the 
legend. The aging conditions were 20˚C and pH 10, if not specified in the legend, and are the 
same for all the following figures. All the samples were heated directly to 900 ˚C at a rate of 
10 °C/min. 
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13
C NMR of the organic components in the composites.  Figure 4.4 shows 
13
C NMR 
spectra of the organic templates and the organic-inorganic composites. The spectra were obtained 
by direct polarization after long (150-s) recycle delays for full relaxation, which avoids the 
selective signal enhancement seen in standard cross polarization from 
1
H.  
The spectra of lysozyme and PF127 are clearly distinct, with characteristic C=O and N-CH 
peaks of lysozyme near 173 and 55 ppm, and OCH signals of PF127 between 70 and 75 ppm. 
This enables peak assignment in the spectra of materials containing both components. In PF127, 
the signal of crystalline PEO at 70 ppm is almost invisible, most likely due to line broadening by 
helical jumps that interfere with H-C dipolar decoupling.  The signal of the CH3 groups in the 
PPO block near 17 ppm is observed at the expected intensity level. The spectrum of the conjugate 
template, see Fig. 4.4(c), is dominated by the signals of PF127, since the lysozyme signals, e.g. 
near 173 and 55 ppm, are broad and low.  
Figure 4.4(d) shows the spectrum of the composites with PF127 template. The signal 
intensity is ca. 20 times smaller than in neat PF127, indicating that only a relatively small fraction 
of the polymer is strongly bound to zirconia. In addition to the regular PF127 signals, the 
spectrum shows unexpected peaks at 180 ppm and 23 ppm, which are also observed in the spectra 
of the other mineralized samples. The chemical shifts are consistent with acetyl groups, -OOC-
CH3, but their origin remains unclear.  
Figures 4.4(e) and (f) compare the spectra of the composites templated by lysozyme-PF127 
conjugate and by lysozyme and PF127 physical mixture. In these spectra, the signals of lysozyme 
are clearly visible and their area exceeds that of the PF127 peaks by an order of magnitude.  In 
other words, the PF127:lysozyme ratio is reduced by a factor of 10 to 20 relative to the neat 
template in Figure 4.4(c).  This demonstrates selective retention of lysozyme, which can be 
attributed to its stronger binding to zirconia.  The spectrum from the conjugate exhibits a 
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significantly larger total area than that of the physical mixture, which indicates stronger binding 
of the conjugate template to zirconia.   
 
Figure 4.4 Direct-polarization 13C NMR spectra of the organic templates: (a) pure lysozyme; (b) 
pure PF127 triblock copolymer; (c) pure PF127-lysozyme conjugate template; and 13C NMR 
spectra of the freeze dried organic-inorganic composites with different organic templates: (d) 
PF127 template; (e) PF127-lysozyme conjugate template. The signal at 111 ppm is background 
from Teflon tape used to balance the magic-angle-spinning rotor. (f) Mineralized physically 
mixed PF127 and lysozyme. All spectra were scaled to account for differences in sample mass. 
Recycle delay: 150 s; magic-angle-spinning frequency: 7 kHz.   
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XRD. The XRD patterns shown in Figure 4.5 clearly indicate that the amorphous zirconia 
precursors were completely crystallized to tetragonal zirconia after calcination at 500 ˚C.2 The 
broad peaks indicate that the size of the crystals was in nanometer range and the calculated crystal 
sizes according to the Debye-Scherrer formula (using the peak at 2θ= 30°) are listed in Table 4.2. 
They are consistent with the TEM data shown in the following. The zirconia synthesized without 
any templates showed sharper and stronger peaks than any other samples, which demonstrated it 
had the largest crystal size. As shown in TEM micrographs and Table 4.2, polymer templation 
results in smaller crystallites and higher specific surface as will be discussed below. The 
benchmark sample prepared without polymer template shows a small peak at 2θ =28˚ indicative 
of monoclinic phase. Apparently, polymer templates prevent formation of monoclinic phase at 
this temperature either by forming smaller crystals or directing organization of the precursors.  
The zirconia templated by pentablock copolymers and aged at 60 
°
C had broader peaks than 
the other samples. This implied that it had the smallest crystal size and may have the largest 
surface area among the samples, which was confirmed by the TEM and BET surfaces area 
measurements, and could be attributed to the reversible thermal and pH responsive properties of 
cationic pentablocks. The pentablock solution exhibits micellar and gel phases in response to 
changes in both the temperature and pH by virtue of the lower critical solution temperature of the 
PPO and PDEAEM blocks and the polyelectrolyte character of the pendant PDEAEM blocks.
22
 
PDEAEM has a pKa of 7.6, and at pH<pKa, the micelles are charged, and cannot be well packed 
due to electrostatic repulsion; at 8.1<pH<11, the micelles are deprotonated. At higher pH values 
(typically 8.1-11) and temperature (typically 37-75 
°
C) the progressive dehydration of the PPO 
blocks causes the formation of cylindrical micelles. Therefore, the tight packing of the pentablock 
template micelles in the zirconia composite and aging at 60 
°
C, may be the reason for better 
templating and the resulting smaller crystal sizes. 
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The XRD patterns of 900 
°
C calcined zirconia are shown in Figure 4.6. Clearly, all the peaks 
sharpen with increasing temperature, indicating the growth of the zirconia crystal size as 
temperature increases. The zirconia synthesized without template, the zirconia templated by 
pentablocks and aged at a pH of 4, and templated by PF127 exhibit strong peaks associated with 
the monoclinic phase, whereas the other samples were still dominated by the tetragonal phase. 
Especially in the zirconia templated by the conjugate, only a small peak was detected at 28 
°
, 
indicating that only a small fraction of the sample was converted to the monoclinic structure at 
this temperature. Retention of tetragonal phase may be due to the higher decomposition 
temperature of lysozyme, which lets the conjugate template stay longer in the composite during 
the calcination, and inhibited pore collapse to form larger crystals and transition to monoclinic 
zirconia. And the smaller initial crystallite size also resulted in retardation of crystal growth 
during heat treatment, and hence delayed transformation to the monoclinic phase. Zirconia 
formed at lower pH had a lower surface area and a lower thermal stability, and formed the 
monoclinic phase more easily than the one at higher pH.
23
 In summary, we conclude that the 
conjugate and pentablock copolymer templates were more effective at maintaining the tetragonal 
zirconia phase and forming smaller zirconia particles.  
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Figure 4.5 XRD of the 500 ˚C calcined zirconia. The legend stands for the polymer template for 
each sample. 
 
Figure 4.6 XRD of the 900 ˚C calcined zirconia. The legend identifies the polymer template for 
each sample 
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Specific surface area of the mesoporous zirconia. Figure 4.7 shows a typical isotherm plot 
for the 500 
°
C calcined zirconia sample, and the existence of a hysteresis loop indicates the 
mesoporous structure of the 500 ˚C calcined self-assembled zirconia.5 Table 4.2 compiles the 
specific surface area, average pore size, and total pore volume for the six as-prepared zirconia 
samples. Both the pentablock copolymer and the conjugate templated zirconia samples had higher 
surface areas than the PF127 templated zirconia sample and the no-template zirconia sample. 
Templating by the pentablock at 60 
°
C further increased the surface area of the self-assembled 
zirconia samples compared to templating by the conjugate under the same conditions. The 
specific surface area was also related to the pore size and total pore volume. In this specific study, 
the surface area is larger when the pore size is smaller and the total pore volume is larger. As 
shown in Table 4.2, the conjugate-templated zirconia had a significantly smaller average pore 
size; the pentablock-60
°
C templated zirconia had the largest total pore volume and relatively 
small average pore size, so these two samples had relatively higher surface areas compared to the 
other zirconia samples. 
At pH4, the pentablock micelles could not pack to form micellar aggregates, while the other 
two pentablock templated zirconia samples could form close packed templates that performed 
better with respect to increasing the template sample’s surface area.24  
The typical pore size distribution of the 500 ˚C calcined self-assembled zirconia samples 
were studied by applying the Barrett-Joyner-Halenda (BJH) method to the N2 desorption branch 
of the sample isotherm plots, as shown in Figures 4.8. In Figure 4.8, all pores fell into a range of 
30Å~500Å (mesoporous). The conjugate templated zirconia sample exhibited a close to unimodal 
pore size distribution, with a nearly uniform pore size of about 3.6~3.7 nm. The no-template 
zirconia sample had a close to bimodal pore size distribution; the majority of pore sizes in this 
sample are either 3.5~3.7 nm or 45 nm. The pentablock-20
°
C-pH4 templated sample exhibited a 
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secondary peak following the main peak, so the majority of pore sizes in this sample were 
between 3.8 nm and 5.1 nm. These mesopores can form either from removal of the polymer 
templates or dehydroxylation and crystallization of amorphous zirconia, and all contribute to the 
increase of the specific surface area of the mesoporous zirconia samples. 
 
Figure 4.7 N2-adsorption-desorption Isotherm plots for 500   C calcined self-assembled 
mesoporous zirconia 
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Figure 4.8 Pore size distributions for 500 ˚C calcined self-assembled mesoporous zirconia 
samples 
Table 4.2   Surface area, average pore size, pore volume and estimated crystal size from the XRD 
results for the 500 °C calcined zirconia samples 
 Surface 
area (m
2
/g) 
Avg. pore size 
(nm) 
Pore Volume 
(cm
3
/g) 
Estimated 
crystal diameter 
from X-ray 
diffraction (nm) 
No template 52 10.0 0.13 26.0 
PF127 126 8.7 0.27 22.4 
Conjugate+PF127 174 4.5 0.20 11.7 
Pentablock-60
°
C 191 6.8 0.33 6.3 
Pentablock-20
°
C 140 8.2 0.29 6.8 
Pentablock-20
°
C-pH4 98 5.8 0.14 9.3 
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Morphology of the mesoporous zirconia. The morphology of the mesoporous zirconia can 
be viewed by TEM and SEM techniques. Figure 4.9 shows TEM images of the zirconia formed 
after 500 ˚C calcination. Estimated from the images, every sample had pores in the 5-10 nm range, 
which was consistent with the BJH results. The zirconia formed without template, shown in 
Figure 4.9-a, had much larger crystal sizes than the other samples. Also, it was a mixture of 
tetragonal and monoclinic phases, as shown in the inset (Figure 4.9-a), while all the other 
polymer templated samples showed mostly the tetragonal phase.
25,26
 This is consistent with the 
XRD results. The conjugate template resulted in smaller crystal sizes than the PF127 template, 
which may be due to the higher decomposition temperature of the lysozyme in the conjugate, as 
mentioned above.  
The pentablock templated samples (Figure 4.9-d, -e, and -f) had similar morphology. These 
samples exhibited more uniform structures than other samples. The slight difference among the 
three samples may be attributed to the different aging temperature and/or pH, since the 
pentablock template could respond to both temperature and pH changes. In a certain range, at 
higher temperatures and pH, cylindrical micelles could form. The zirconia templated by 
pentablock and aged at 60 ˚C (Figure 4.9-e) showed the smallest crystal size, about 5-10 nm, 
while the samples synthesized at the same pH but at lower aging temperature shows (Figure 4.9-d) 
slightly larger particle size, about 10 nm; Figure 4.9-f shows the sample templated with 
pentablock aged at room temperature and at pH=4, where the polymer could not pack as 
effectively because the cationic groups were charged. These observations matched the BET 
surface area data and the crystal sizes in Table 4.2. 
HAADF-STEM is sensitive to scattered electrons generated in proportion to the atomic 
number (Z) of the atoms in the specimen. It can be used for obtaining compositional and 
morphological information of a sample, with contrast varying roughly as a function of Z. An 
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STEM image of the 500 
°
C calcined zirconia samples is shown in Figure 4.9-g. Here the bright 
areas correspond to the zirconium-rich areas of the mesoporous zirconia. We can see the porous 
structure clearly in this image. Figure 4.9-e was taken at the edge area of Figure 4.9-g.  
Figure 4.10 shows TEM images of some of the zirconia composite samples heated to 900 
°
C. 
Clearly the zirconia crystals were larger than after 500 
°
C calcination. The diffraction patterns of 
the zirconia showed that only the conjugate templated zirconia retained the tetragonal phase,
25,26
 
which is consistent with the XRD data for the same heat treatment temperature as discussed 
above (Figure 4.6). The pattern inside the crystal seen in Figure 4.10-a was formed due to the 
volume change associated with the phase transformation. A high resolution TEM image of this 
sample is shown in the supporting information. By contrast, the zirconia templated by conjugate 
in Figure 4.10-c exhibits no such pattern, as it has not gone through the tetragonal to monoclinic 
phase transformation.  
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Figure 4.9 TEM images and diffraction patterns of the 500 
°
C calcined zirconia templated by:  a) 
no template; b) PF127; c) conjugate; d) pentablock; e) pentablock, aged at 60 
°
C; f) pentablock 
template, pH=4. The scale bars in image a) through f) are 20 nm. g) Dark field image of the 
zirconia templated by pentablock, aged at 60
°
C; the scale bar is 50 nm. 
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Figure 4.10 TEM images and diffraction patterns of the 900 
°
C calcined zirconia templated by:  a) 
no template; b) PF127; c) conjugate. 
Although SEM does not have the high resolution as TEM, it can be used to observe the 
packing of the zirconia particles and the surface morphology. Figure 4.11 shows the SEM images 
of the zirconia calcined at 500 
°
C. We can see in the micrograph of Figure 4.11-f that the zirconia 
formed at pH=4 has a very different morphology, compared with the other zirconia samples, 
apparently due to aging the nanocomposite at low pH as discussed above.
23
 TEM images (Figure 
4.9-f) also show similar features. The zirconia synthesized without template and with the PF127 
template had loose packing compared to the other samples, and these two samples also had lower 
surface area, indicating that the smaller sized particles and their tight packing may introduce large 
surface area in this study. 
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Figure 4.11 SEM images of the 500 ˚C calcined zirconia templated by:  a) no template; b) PF12 ; 
c) conjugate; d) pentablock; e) pentablock, aged at 60 ˚C; f) pentablock template, pH=4. 
SANS shows polymer templating. Small angle neutron scattering techniques are versatile in 
elucidating detailed information about the phase behavior, organization in ordered arrays, and the 
morphological transitions of the self-assembled micelles and gels. Figure 4.12 shows the SANS 
results of the composite gel during the aging process. The samples with PF127 and conjugate 
templates showed scattering peaks from PF127 micelles,
27
 and samples with pentablock templates 
exhibited peaks from the pentablock copolymer.
22
  The composite with PF127 template shows 
diffraction peaks with Q/Q
*
 (Q
*
 is the first order peak position) of √  √  √   , indicating a FCC 
structure;
28,29
 while the composite with pentablock copolymer template shows diffraction peaks 
with Q/Q
ӿ
 of     √ , indicating a hexagonal closed packing.19  Although we did not fit the data to 
a model in this study, literature reports on modeling of these two polymers are abundant.
22,27
 The 
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data implied that the zirconia composite formed in a manner that did not interrupt the 
organization of the template micelles.  
 
Figure 4.12 SANS results of the composite gel after aging. The legend indicates the polymer 
template in each sample. Red arrows show the peak positions of PF127 templated composite, and 
green arrows show the peak positions of Pentablock templated composite. 
4.3.3 Proposed templation mechanism.  
We controlled the property of pentablock templated zirconia by adjusting the pH and the 
aging temperature. In Figure 4.13, we propose a plausible mechanism for the templation process 
in this study. The zirconyl nitrate precursor solution is naturally acidic (pH<1). When dissolving 
the pentablock copolymer template into the precursor, a mixture of micelles, unimers, and 
precursors form. At high temperatures and pH, cylindrical micelle structures arrange in a 
hexagonal close packed form,
19,22
 helping to create a larger number of pores after template 
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removal. The sample aged at low temperature and pH would stay at the first stage in Figure 4.13, 
forming a large cluster of zirconia with fewer pores after calcination, as the TEM image in Figure 
4.9-f and SEM image in Figure 4.11-f showed. 
 
Figure 4.13 Mechanism for formation of mesoporous zirconia templated by pentablock  
The differences in packing between PF127 and pentablock templates, as shown in Figure 4.12, 
may introduce the surface area differences between their templated zirconia. The presence of 
lysozyme in the conjugate potentially helped to bind to the precursor, creating smaller particle 
sizes after calcination, and maintaining the tetragonal phase zirconia.  
4.4 Conclusions 
In this study, we have developed a new bioinspired templation method for the synthesis of 
self-assembled mesoporous zirconia nanoparticles, with high surface area and a thermally stable 
tetragonal phase. This is also the first report of well-ordered mesoporous zirconia synthesized in 
completely aqueous media. We have also developed new templates for zirconia synthesis based 
on cationic self-assembling pentablock polymers, since cationic groups have been shown to be 
important in zirconia formation. The XRD, TEM and the specific surface area results indicated 
that pentablock copolymer templates could create the smallest zirconia nanocrystals with the 
highest surface area. The lysozyme and PF127 conjugate template could also produce zirconia 
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with much higher surface area, and maintain the tetragonal phase zirconia up to 900 ˚C. These 
templates could potentially be employed to synthesize other metal oxides, because the templation 
process is carried out in aqueous media, with facile treatment afterwards. More biological 
molecules could be introduced into the bioinspired synthesis, which will help to create milder 
synthesis conditions for the metal oxides. 
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Supporting Information 
The covalent attachment between PF127 and lysozyme was confirmed by the FPLC, as shown by 
Figure 4.14. PF127 does not have absorbance under these conditions. The conjugate with larger 
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molecular weight came out of the column faster than the lysozyme. The solution of the 
conjugation reaction, and some of the fractions from the conjugate peak and the lysozyme peak 
were randomly selected to run a SDS-PAGE, as shown by Fiure 2. We can see that lysozyme, 
with a molecular weight of 14.7 kD, only exited in the lysozyme fractions, which confirmed the 
assignment of the FPLC peaks. Figure 4.15 also clearly showed the formation of the conjugate, 
with a molecular weight larger than 30 kD. The larger molecular weight may due to the 
unspecific binding between the NHS modified PF127 and the free amine groups in lysozyme. 
 
Figure 4.14 FPLC result of the solution after the conjugate reaction between lysozyme and PF127 
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Figure 4.15 SDS-PAGE for fractions separated by FPLC, and the reaction solution 
 
Figure 4.16 HRTEM of Figure 4.10-a. 
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Chapter 5 Synthesis of mesoporous zirconia templated by block 
copolymer-lysozyme conjugate in aqueous media 
Qinwen Ge, Xunpei Liu, German Parada, Surya K. Mallapragada, and Mufit Akinc* 
This chapter is a paper submitted to Science of Advanced Materials. My contribution focused 
on synthesis and characterization of the block copolymer-lysozyme conjugate, and 
characterization of the mesoporous zirconia by XRD and TEM. 
Abstract 
High surface area mesoporous zirconia/polymer nanocomposite was obtained using a block 
copolymer-lysozyme conjugate template and applying aqueous sol-gel method. The effects of 
several parameters such as pH, zirconium ion concentration, and calcination temperature on the 
structure and morphology of the resulting mesoporous zirconia were studied. Samples were 
characterized by X-ray diffraction (XRD), nitrogen sorption, and transmission electron 
microscopy (TEM). The results showed that tetragonal zirconia started to crystallize from 
amorphous precipitate above 300˚C, became fully crystalline above 500˚C, grew larger with 
higher temperatures, and a monoclinic phase formed above 900˚C. It was also found that a more 
dilute precursor solution leads to more thermally stable and smaller particles with higher surface 
area. Likewise, higher pH (such as pH=10), is more conducive for obtaining higher surface area, 
thermally stable tetragonal zirconia with smaller particle sizes compared to ones precipitated at 
pH=4, 6, and 8. The aging at pH=4 formed ill-defined gels rather than distinct particles. The 
surface area of the synthesized zirconia increased with calcination temperature up to 500˚C, 
reaching a maximum with a specific surface area of 348 m
2
/g using 0.08 mol/L [ZrO
2+
] and 
precipitating at pH=10 before decreasing at higher temperatures.  
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5.1 Introduction 
Synthesis of zirconium dioxide, the major component of a well-known structural ceramic, 
continues to receive a lot of interest from the scientific community. The engineering properties 
such as hardness, shock resistance, chemical inertness, low frictional resistance, and high thermal 
stability make zirconia a potential candidate for refractory materials, fuel cell membranes, sensors, 
catalysts or catalyst carriers, biomedical materials, and hot metal extrusion dies.
1-7
 Some of these 
applications, especially catalytic applications, require high surface area and nano-sized, uniform 
pore structure. Therefore, a large number of methods have been explored to obtain fine zirconia 
powders with high surface area and fine pore structure, such as sol-gel, aqueous precipitation, 
hydrothermal synthesis, microwave, hard and soft templating.
8-23
 Among them, the surfactant 
assisted sol-gel method has received considerable attention for the synthesis of nanostructured 
mesoporous zirconia powders with high surface area. Many surfactants, such as block 
copolymers,
1
 the non-ionic surfactants PEG–PPG–PEG,24 the hydroxyl propyl cellulose (HPC) 
polymer
25
, the cationic protein lysozyme
26
, and agarose
11
 have been explored. In this paper, we 
have employed a Pluronic block copolymer-lysozyme conjugate as a template, since a previous 
study showed that this polymer conjugate yielded oxides with higher surface area as well as 
uniform size pores.
27
 A number of experimental variables play a significant role in determining 
the characteristics of the zirconia powder formed by this process. Chuah and coworkers reported 
digestion time and temperature as key factors in obtaining high surface area.
28
 Stefanic and others 
reported that the pH value has a significant influence on the phase transformation and surface 
area.
29
 Rezaei and others reported that the surfactant-to-zirconium molar ratio is also an important 
parameter in this process.
1
 Deshmane and Adewuyi showed that the calcination temperature had a 
profound influence on the surface area and crystallization - particles grew larger and surface area 
decreased dramatically when samples were heat treated at high temperature.
30
  Stichert and 
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Schuth reported the influence of the precursor concentration; they found that lower precursor 
concentration would lead to smaller particle size, more stable tetragonal phase and higher surface 
area.
31
 In this paper, the role of several experimental variables on the characteristics of the 
resulting zirconia powder was investigated. In particular, the conditions leading to high surface 
area, mesoporous, nanostructured zirconia powders using the conjugate templates were 
established. The surface area under the optimized condition was about 348 m2/g, increased two 
fold compare to our previous study.
27
 This number is the highest number we have noticed for the 
aqueous zirconia synthesis, and is even very comparable to the mesoporous zirconia synthesized 
in organic solvents.
32
  
5.2 Experimental 
5.2.1 Chemicals and Materials 
Triblock copolymers, poly (ethylene oxide)-b-poly (propylene oxide)-b-poly (ethylene oxide) 
Pluronic F127 (PF127) (PEO100PPO65PEO100, Mav = 12600 g mol
−1
), lysozyme from chicken egg 
white, zirconium (IV) oxynitrate hydrate (ZrO (NO3)2•xH2O) (99.99%), succinic anhydride, and 
N-hydroxy succinimide (NHS) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Ammonium hydroxide was purchased from Fisher Scientific (Pittsburgh, PA, USA). All of the 
chemicals were used without further treatment.  
5.2.2 Synthesis of Pluronic-lysozyme conjugate template 
The method of synthesis of Pluronic-lysozyme conjugate was reported earlier.
33
 The hydroxyl 
end groups of PF127 Pluronic were converted to carboxyl groups by reacting with succinic 
anhydride in pyridine. The carboxyl-terminated PF127 was activated by reaction with NHS at 
room temperature for 24 h. The NHS-activated PF127 was then covalently bonded (conjugated) 
with lysozyme. After reacting at room temperature for 24 h in phosphate buffered saline buffer, 
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the mixture was dialyzed against water using a cellulose ester membrane with a molecular weight 
cut off of 25,000 (Thermo Scientific), for 4 days at room temperature to remove the unreacted 
polymer and lysozyme. The mixture was then freeze-dried to form the solid conjugate. 
5.2.3 Synthesis of the mesoporous zirconia nanocomposite  
In a typical experiment, 0.231 g zirconyl nitrate ZrO(NO3)2•xH2O was dissolved in 10 mL 
deionized water to make 0.08 mol/L ZrO(NO3)2 solution. Similarly, 1.15 or 2.31 g zirconyl nitrate 
hydrate was used to prepare 0.4 or 0.8 mol/L solution. 2.6 g PF127 and 0.4 g Pluronic-lysozyme 
conjugate were dissolved in the precursor solution. For each experiment, the total polymer 
content was kept constant at 3 g, and was added at 4
°
C. The solution was then brought to room 
temperature, and dilute ammonium hydroxide (about 30%) was added dropwise with pipette and 
with continuous stirring, until the solution reached a predetermined, desired pH value (4, 6, 8, or 
10). A white precipitate was formed during this step. The precipitated gel was then aged at room 
temperature for 3 days, rinsed with deionized water and centrifuged for 3 times (15 minutes at 
4400 rpm) to remove ammonium nitrate and the free polymers. The composite was then calcined 
at 300, 500,  00 or 900 ˚C for 3 hours in air.  
5.2.4 Characterization  
The samples were characterized at various stages of preparation to investigate crystal 
structure, surface area, porosity, and morphology by X-ray diffraction (XRD), nitrogen sorption, 
and transmission electron microscopy (TEM) respectively.  
X-Ray Diffraction. Diffraction patterns were obtained using an X’Pert PRO X-ray 
diffractometer (PANalytical Inc., Westborough, MA, USA). Operational parameters of the 
diffractometer were set at 45 kV and 40 mA, with a scan rate of 0.021 °/s and step size of 0.017 °, 
over the range of 20˚ ≤ 2ϴ ≤ 80˚. Cu α radiation with a wavelength of λ=1.54059 Å was used for 
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the monochromatic light, X’pert Data collector software was used to collect the data. Crystallite 
size was estimated with well-known Scherrer equation. 
Nitrogen sorption. Nitrogen sorption isotherms were carried out using an AUTOSORB-1 
Physisorption analyzer (Quantachrome Corporation, Boynton Beach, FL, USA) at 77 K, the 
Quantachrome Autosorb Software was used for collecting and processing the data. All samples 
were degassed under vacuum at 110 ˚C overnight prior to adsorption. Surface area was calculated 
by applying Brunauer-Emmett-Teller (BET) method and using the sorption data in the 
0.03<P/P0<0.3 range. Pore size distribution was calculated using Barrett-Joyner-Halenda (BJH) 
method and the desorption branch of the isotherm. The total pore volume was estimated from the 
volume of nitrogen adsorbed near saturation pressure. 
TEM. TEM images were taken using a Tecnai G2 F20 Scanning Transmission Electron 
Microscope (STEM) (FEI Company, Hillsboro, OR, USA) operating at 200 kV with High Angle 
Annular Dark Field (HAADF) and Energy Dispersive X-ray Spectroscopy (EDS) detectors. 
About 20 µL of diluted zirconia powder suspension was placed on a mesh carbon-supported 
copper grid and left in ambient atmosphere until the water evaporates completely before loading 
it to TEM.  
5.3 Results and Discussion 
5.3.1 The effect of calcination temperature 
Crystallization, surface area, and pore size distribution of the synthesized powders were 
followed as a function of calcination temperature. Figure 5.1 shows the XRD patterns of a typical 
zirconia sample ([ZrO
2+
] = 0.4 M and pH=10) as a function of temperature. At room temperature, 
the sample is amorphous.  At 300 ˚C, tetragonal zirconia starts to form and becomes fully 
crystallized at 500 ˚C. At  00 ˚C, the tetragonal zirconia crystals grew larger. At 900 ˚C, the 
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sample was still tetragonal, but small monoclinic phase peaks (such as the small peak at 2θ=28˚) 
also emerged. Even after calcination at 900 ˚C, the approximate crystallite size was about 20 nm 
(see Table 1).  
 
As shown in Table 5.1, the specific surface area of the sample increased from 41 m
2
/g at 
room temperature to its maximum value of 174 m
2/g at 500 ˚C before decreasing progressively as 
the calcination temperature increased. Before heat treatment (after freeze-drying) the sample 
contains precipitated hydrated zirconia (ZrO2·xH2O) and the Pluronic-lysozyme polymer template. 
At 300 ˚C, Pluronic-lysozyme polymer started to pyrolyzed and hence the surface area increased. 
At 500 ˚C, dehydration/deyhdroxylation of the zirconia was nearly complete, and hence the 
20 30 40 50 60 70 80
 
 
In
te
n
si
ty
(a
.u
.)
Angle(2Theta)
 300
o
C
 500
o
C
 700
o
C
 900
o
C
 Freeze-dried
 Figure 5.1 XRD patterns for 0.4M-pH10 zirconia samples after calcination at 
indicated temperatures. 
103 
 
powder at this stage was pure zirconia and exhibited an open structure with highest surface area 
and porosity. As the sample was heated to higher temperatures, the specific surface area and 
porosity decreased. At 900 ˚C, the sample exhibited a specific surface area of 31 m2/g. Initial 
increase in surface area with temperature may be attributed to the removal of the polymeric 
template and evolution of structural water and hydroxide from zirconia precipitate, while the 
decrease in surface area during change in annealing temperature from 500 to 900 ˚C is due to 
crystal growth and the collapse of pores at elevated temperatures. 
Table 5.1 Nitrogen sorption isotherm and crystal size data for 0.4M-pH10 zirconia samples at 
several calcination temperatures 
Calcination temperature, ˚C 
Freeze-
dried 
300 500 700 900 
Specific Surface area, m
2
/g 41 143 174 86 31 
Total pore volume, mL/g 0.10 0.16 0.20   0.13    0.08 
Average pore size, nm 10 4.3 4.5 6.2 10 
Crystal size calculated from 
T(101), nm 
amorphous amorphous 12 13.4 20 
 
Figure 5.2 shows that at the freeze-drying stage, the zirconia sample does not show 
significant amount of porosity in the range where the adsorption isotherm is applicable. When the 
polymer template was removed by heat treating at 300 ˚C, the powder showed a significant level 
of porosity centering around 3-4 nm. The highest level of porosity was observed after 500 ˚C 
again, and the peak in pore size was around 3.6 nm. Increase in temperature led to a decrease in 
the pore volume as well as a shift of the maximum to larger sizes, indicating crystal growth.   
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After heat treatment at 900 ˚C, essentially all the mesopores collapsed. These observations 
are consistent with the surface area measurements. It is interesting to note that the pore size 
distribution in the 4 and 8 nm range remained constant irrespective of the heat treatment, 
indicating that the surface area was primarily determined by the pores in the 3-4 nm range. 
Figure 5.3 shows the TEM images of the nanocomposite (freeze-dried) and the zirconia 
nanoparticles formed after heat treatment. Smaller and distinct particles were observed after heat 
treatment at temperatures as low as 300 ˚C. The particle size increased as the heat treatment 
temperature increased.  
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Figure 5.2 Pore size distributions for the 0.4M-pH10 sample after freeze drying and 
heat treatment at indicated temperatures   
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Crystallite size was estimated to be less than 10 nm at 300˚C, progressively increasing to 
about 20-30 nm at 900 ˚C in agreement with the XRD observations. The inset of Figure 5.3-e 
shows the diffraction pattern of the zirconia calcined at 900 ˚C, which is consistent with that of 
tetragonal phase
34-36
, indicating that the nanocrystalline zirconia templated by the lysozyme 
conjugate has excellent thermal stability. 
5.3.2 Zirconyl ion concentration 
Crystallization, specific surface area and pore size distribution of the synthesized zirconia 
were studied as a function of zirconium concentration. Figure 5.4 shows that after 500 ˚C 
calcination, the samples prepared using three different precursor concentrations (0.08, 0.4, and 
Figure 5.3 TEM images and diffraction patterns of freeze-dried nanocomposite: a) Freeze-dried, 
and heat treated at: b) 300, c) 500, d)  00, and e) 900 ˚C for 3 h. The samples were synthesized 
starting with 0.4 M ZrO(NO
3
)
2 
precursor and aged at pH 10.  
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0.8 mol/L) and at pH=10, all exhibited tetragonal phase, and the crystal size increased with 
increasing zirconyl ion concentration as evident from the sharpening of the diffraction peaks as 
the concentration increased. Although peak splitting due to tetragonal crystal structure is not 
obvious at low concentrations, it is inferred in the 0.4 M sample from the asymmetry of thee 
peaks at 2θ≈35 and 60. The calculated crystal sizes using T (101) are listed in Table 2, and are 
consistent with the TEM observations.  
  
Table 5.2 shows the specific surface area of the samples calcined at 500 ˚C prepared using 
[ZrO
2+
]= 0.08, 0.4, and 0.8 mol/L and at pH=10. Highest specific surface area of 348 m
2
/g was 
obtained at a [ZrO
2+
] concentration of 0.08 mol/L. Again, specific surface area correlates well 
with the crystal size calculated from X-Ray line broadening and particle sizes seen in TEM 
micrographs.  
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Figure 5.4 XRD patterns for 500 ˚C-pH10 samples prepared at several 
zirconium ion concentrations.  
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 Table 5.2 Nitrogen sorption isotherm and crystal size data for 500 ˚C-pH10 zirconia samples 
prepared at several zirconyl ion concentrations. 
 
 
Figure 5.5 shows the pore size distribution for three samples. All three samples exhibited a 
single peak centering around 3.6-3.8 nm, and the largest pore volume was observed for the 0.08 
mol/L sample. In addition, this sample showed larger size pores extending to about 11 nm while 
the higher concentration samples had little porosity above 4.2 nm. It might be inferred that the 
larger pore sizes observed for lowest zirconyl concentrations may be due to loose packing of very 
fine particles, while the small but prominent pores around 3.6-3.8 nm were formed by pyrolysis 
of the templating polymer scaffolds. Pore volume data correlates well with the specific surface 
area measurements, and the higher the pore volume, the higher the specific surface area. 
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Increase in particle size with the zirconyl ion concentration is also depicted in TEM 
micrographs as shown in Figure 5.6. The estimated particles sizes from the images were about 5 
nm, 10 nm and 20 nm for the zirconia prepared with precursor concentrations of 0.08, 0.4 and 0.8 
mol/L, respectively. These observations were also consistent with the specific surface area values, 
and explain why the zirconia with 0.08 M precursor concentration had the maximum specific 
surface area. SAED patterns of the respective samples indicate that the zirconia synthesized with 
0.8 mol/L precursor concentration did not exhibit as neat a pattern as the other two, perhaps due 
to emergence of a small fraction of monoclinic phase already
34-36
 as indicated by the XRD 
patterns more clearly of the zirconia heat-treated at 900 ˚C. 
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Figure 5.5 Pore size distributions for 500 ˚C-pH10 samples prepared using 
different precursor concentration 
109 
 
 
Figure 5.  shows that after calcination at 900 ˚C, the 0.08mol/L concentration sample still 
exhibits tetragonal phase while the 0.4 mol/L sample exhibits minor monoclinic phase in addition 
to more dominant tetragonal peaks, but the 0.8 mol/L sample is almost completely transformed to 
monoclinic phase at this temperature.  Apparently, small crystallite sizes retain metastable 
tetragonal phase at much higher temperatures than larger crystals. This result is in good 
agreement with previous studies of Stichert and Schüth who postulated that large precursor 
particle size will lead to monoclinic phase after calcination, while smaller precursor particle size 
will lead to tetragonal phase
31
. 
The results presented above show that the concentration of the starting precursor had a 
significant influence on the physical characteristics of the mesoporous zirconia. The first 
conclusion we can derive from the results is that lower zirconium precursor concentration will 
lead to smaller crystal size, higher porosity and a concomitant higher specific surface area. 
Although one might surmise incorrectly that lower zirconium concentration would lead to fewer 
Figure 5.6 TEM images and SAED patterns of zirconia calcined at 500 ˚C for 3 h, with 
ZrO(NO
3
)
2
 concentration: a) 0.08, b) 0.4, and c) 0.8 mol/L. All the samples were aged at pH=10. 
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nuclei generation hence forming larger particles, our results are consistent with earlier similar 
studies
24, 25, 30, 31, 37
. 
 
To resolve the apparent discrepancy, we would like to draw attention to the work of Stichert 
and Schuth
31
 who proposed that the crystallization is a result of agglomeration of small precursor 
particles, so that the crystal size after calcination is determined by the precursor primary particle 
size. Thus, a dilute precursor solution leads to smaller precursor primary particles which will 
further result in smaller crystal sizes after calcination and vice versa which is consistent with 
what was observed in this study. These authors also pointed out that the precursor particle size 
has a significant influence on the crystal structure of zirconia. They stated that large precursor 
particle size will lead to a monoclinic phase after calcination, while smaller precursor particle size 
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Figure 5.7 XRD patterns for samples after heat treatement at 900 ˚C 
prepared using [ZrO
2+
] = 0.08, 0.4, and 0.8 mol/L and pH=10. 
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will lead to a tetragonal phase. This hypothesis is also in good agreement with our results. 
Shubhlakshmi et al also reported that lower concentration precursor solution leads to smaller 
crystal size and fewer agglomerates after calcination.
 25, 38
  Later, Kongwudthiti et al,
37
 Deshmane 
and Adewuyi
30
 reported similar results. A most recent study by Eltejaei and et al
24
 obtained 
similar results but offered an alternate explanation claiming that at higher concentrations, ions 
will compete with the surfactant’s hydrophilic part for water molecules leading to reduced 
surfactant solubility and to a decrease in specific surface area of the precipitated powder. 
5.3.3 The effect of pH 
The precipitation pH plays an important role in the sol-gel synthesis. Figure 5.8 shows that 
after calcination at 500 ˚C, all samples exhibited tetragonal phases. The samples precipitated at 
pH=10 had broader XRD peaks compared with the other three samples, indicating smaller 
crystalite size. Crystal size calculated from X-ray line broadening also followed the same trend 
and was in good agreement with specific surface area and TEM observations mentioned above. 
Table 5.3 shows that the average pore size decreased while the surface area increases with 
increasing pH. Samples precipitated at pH=4 had the lowest specific surface area among the four 
samples; the samples precipitated at pH=6 and 8 had similar surface area values while the sample 
precipitated at pH=10 had the largest specific surface area. These observations are in good 
agreement with earlier reports.
28-30, 39-41
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Table 5.3 Nitrogen sorption isotherm and crystal size data for samples precipitated at several pH 
using [ZrO
2+] = 0.4 mol/L and heat treated at 500 ˚C. 
 
Figure 5.9 shows the pore size distribution for the samples precipitated at pH = 4, 6, 8, and 10. 
Clearly, all samples exhibit a single major peak within the mesopore range, centering around 3.5-
3.7 nm, largest pore volume is observed for pH=10. In addition, the sample precipitated at pH=4 
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Figure 5.8 XRD patterns of samples precipitated at pH 4, 6, 8, and 10, 
and heat treated at 500 ˚C, with 0.4M zirconia precursor. 
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showed much lower pore volume than the other three samples, which also corroborates with the 
specific surface area results.  
 
 
Figure 5.10 shows the TEM images and SAED patterns of the samples. The diffraction 
patterns indicate that all samples exhibit tetragonal phase of zirconia
34-36
. Micrographs 
representing sample precipitated at pH=4 (which are well crystallized as illustrated by XRD and 
SAED patterns) shows no distinct particle features. It may be that initial amorphous particles 
were large to begin with and fused during the heat treatment to blur distinct particle boundaries. 
This also explains why this sample exhibits relatively low surface area. Zirconia aged at pH=6 
and pH=8 are shown in Figure 5.10-b and 10-c, and they exhibit similar features. Zirconia formed 
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Figure 5.9 Pore size distributions for 500 ˚C-0.4M samples prepared at 
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at pH=10 had the smallest particle size, and BET surface area showed that it had the largest 
surface area. These results were all self-consistent and support the data presented in Table 3. 
 
Figure 5.11 shows that samples precipitated at 4 ≤ pH ≤ 8 display a coexistence of both 
tetragonal and monoclinic phases after heat treatment at 900 ˚C, while the pH=10 sample is still 
tetragonal with only a small monoclinic peak emerged around 2θ = 28˚ indicating the beginning 
of formation of the monoclinic phase. The data presented above demonstrate that the pH value 
during precipitation has a significant influence on the physical properties of the final zirconia 
Figure 5.10 TEM images and electron diffraction patterns  zirconia 
precipitated at: a) pH=4, b) pH=6, c) pH=8, and d) pH=10 after heat 
treatment at 500 ˚C.  All samples were synthesized using 0.4 mol/L 
zirconyl ion concentration. 
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powder. The point of zero charge (pzc) of hydrous zirconia is around pH = 4-6 depending on the 
supporting ions in the solution
41-45
. So, the precipitated particles will assume a positive charge 
below the pzc.
46-49
 Therefore, zirconia particles tend to flocculate around the pzc due to the 
diminishing repulsive forces between the particles. In this case, the particles precipitated at pH = 
4 and pH = 6 exhibited little or no repulsion. The sample prepared at pH=4 appeared to form a gel 
structure rather than distinct particles as shown in Figure 5.10, thus leading to low surface area 
and low porosity as shown in Table 3. Based on pzc argument only, the sample prepared at pH=6 
should exhibit similar morphology but apparently surface charge is not the only factor in 
determining the particle morphology. This result is in good agreement with earlier study by 
Chuah and et al.
40
, who reported that digestion in acidic medium resulted in a lower surface area 
both for hydrous oxides and the calcined zirconia. When the pH is low as is the case with the 
starting zirconyl nitrate solution, the Pluronic-lysozyme copolymer’s carboxylic acid groups are 
largely undissociated and hence show limited affinity to associate with zirconyl ions prior to 
precipitation. Even when zirconia is precipitated at pH = 4 the association with the carboxylic 
acid groups is not strong nor is the repulsion between the particles. Furthermore, solubility of 
freshly precipitated zirconia hydrate is higher in acidic medium - thus aging at low pH leads to 
formation of gel-like structure as shown in Figure 5.10a. When the pH is increased to 8 and 10, 
the hydrous zirconia in the solution is negatively charged, so they interact strongly with the 
cationic surfactant which leads to a mesoporous structure
39-41
. In our experiments, Pluronic-
lysozyme copolymer exhibits negatively charged carboxylate groups that associate with 
positively charged zirconyl ions. When zirconia is precipitated and aged at pH = 8 and pH = 10, 
the precipitated particles are negatively charged preventing flocculation and/or gel formation 
leading to nanoscale distinct particles as illustrated in Figure 5.10c and 10d. These samples had 
high porosity after 500 ˚C heat treatment. The samples precipitated at pH = 6 and pH = 8 had 
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similar surface areas, and perhaps the low solubility of ZrO2 in this pH range leads to a relatively 
low level of supersaturation compared to the ones at high pH range.
28, 29, 40
 At pH = 10, the 
solubility of ZrO2 is higher than in pH=6 and 8, leading to more nuclei formation and hence 
smaller particles
29, 30
 as shown in Figure 5.10d, and smaller crystallite size and a higher surface 
area as shown in Table 3.  
 
5.4 Conclusions 
In this work, we studied the effects of different preparation parameters such as calcination 
temperature, precursor concentration, and precipitation pH in the bioinspired synthesis of 
mesoporous zirconia templated by the Pluronic-lysozyme conjugate. This is also the first report of 
the detailed preparation study of well-ordered mesoporous zirconia synthesized in completely 
aqueous media. The XRD studies showed that all samples precipitated as amorphous hydrated 
zirconium hydroxide and converted to tetragonal zirconia with heat treatment at temperatures as 
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Figure 5.11 XRD patterns for samples after heat treatement at 900 
˚C prepared using [ZrO
2+
] = 0.4 mol/L. 
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low as 300 ˚C. Depending on the preparation conditions, tetragonal phase was retained up to 900 
˚C. The specific surface area progressively increased, reaching its maximum value for all samples 
at 500 ˚C, mostly due to the removal of the polymer template and dehydroxylation. The specific 
surface area decreased above 500 ˚C as a result of crystal growth and the collapse of mesopores. 
This study also showed that lower zirconium ion concentration will lead to smaller particle size as 
well as larger surface area, and more stable tetragonal phase. The largest surface area, 348 m
2
/g, 
was obtained at pH=10 employing [ZrO
2+] = 0.08 mol/L and 500 ˚C heat treatment. This study 
also indicated that the as synthesized mesoporous zirconia sample had larger surface area when 
precipitated in an alkaline medium than those precipitated in acidic or neutral medium. Thus the 
sample precipitated at pH=10 resulted in smaller crystal size which leads to a higher surface area, 
and also more stable tetragonal phase. 
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Chapter 6 Self-Assembly and Biphasic Iron-Binding Characteristics of 
Mms6, A Bacterial Protein That Promotes the Formation of 
Superparamagnetic Magnetite Nanoparticles of Uniform Size and 
Shape 
Lijun Wang, Tanya Prozorov, Pierre E. Palo, Xunpei Liu, Ruslan Prozorov, Surya Mallapragada, 
and Marit Nilsen-Hamilton* 
This chapter is modified from two papers published in Biomacromolecules, 2012, 13 (1), 98–
105 and in International Journal of Molecular Science, 2013, 14, 14594-14606. My contribution 
to this work focused on characterization of the Mms6 protein by TEM and AFM, optimization of 
the synthesis conditions for Mms6 mediated magnetite nanoparticles, synthesis of the magnetite 
nanoparticles in the presence of Mms6 and its mutants under the optimized conditions, and 
characterization of some of the magnetite nanoparticles by TEM.  
Abstract 
Living organisms create highly ordered mineralized structures from nano- to macro-scale. 
Proteins have been found responsible for forming many of these structures, but their function 
mechanisms are generally poorly understood. To better understand its role in biomineralization, 
the magnetotactic bacterial protein, Mms6, which promotes the in vitro formation of 
superparamagnetic magnetite nanoparticles of uniform size and shape, was studied for its 
structure and function. We visualized the spherical micelles formed by the protein in aqueous 
solution by TEM and AFM. We optimized the Mms6 concentration used for in vitro magnetite 
nanoparticle synthesis. Mms6 is shown to have two phases of iron binding: one high affinity and 
stoichiometric and the other low affinity, high capacity, and cooperative with respect to iron. The 
protein is amphipathic with a hydrophobic N-terminal domain and hydrophilic C-terminal domain. 
It self-assembles to form a micelle, with most particles consisting of 20–40 monomers. Proteins 
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with mutated C-terminal domains lost the function of forming superparamagnetic magnetite 
nanoparticles, showing that the function of Mms6 is sensitive to the arrangement of 
carboxyl/hydroxyl groups in the C-terminal. 
6.1 Introduction 
Magnetotactic bacteria can move under the direction of the local geomagnetic field due to 
their ability to generate magnetite nanoparticles.
1
 The morphologies of the magnetite crystals are 
highly depending on the bacterial species or strains, indicating that the formation of magnetite 
nanoparticles by magnetotactic bacteria is under precise biological control.
2
 Although the 
mechanisms that controlled the formation of nano-sized magnetite crystals with different 
morphologies are not well understood yet, there are evidences showing that proteins may involve 
in the controlled biomineralization process. Several low molecular mass proteins, Mms5, Mms6, 
Mms7, and Mms13, which were tightly bound to bacterial magnetite, were obtained from 
Magnetospirillum magneticumstrain AMB-1.
3
 These proteins have similar properties. They 
contain hydrophobic N-terminal and hydrophilic C-terminal regions, and the C-terminal regions 
contain dense carboxyl and hydroxyl groups, which could bind irons.
4
  
Magnetic nanoparticles with size ~50 nm are widely used in the development of medical and 
diagnostic applications such as magnetic resonance imaging (MRI), cell separation, biosensing, 
hyperthermia, and site-specific chemotherapy.
5–10
 The synthesis of magnetic nanoparticles with 
narrow size distribution represents a significant practical and fundamental challenge.
11
 Procedures 
for the controlled formation of uniformly sized particles at the nanometer scale have been 
developed, such as the thermal decomposition method. However, these methods require the use of 
organic solvents or extremely high temperatures.
12,13
 Therefore, alternative processes for the 
simple formation of size and shape selective magnetic nanocrystals in aqueous media and low 
temperature are required.  
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In this paper, we studied the structure of Mms6 and its iron binding property. Magnetite 
nanoparticles similar to those in Nature were prepared by co-precipitation method in the presence 
of the protein Mms6. We also optimized the concentration of Mms6 used in the in vitro synthesis, 
based on more knowledge we learn about this protein. Two C-terminal mutants of this protein, 
m2Mms6 and m3Mms6, were synthesized and also used as templates to synthesis magnetite 
nanoparticles.  
6.2 Experimental section 
Materials. The mature form of Mms6 and two mutants (m2Mms6 and m3Mms6) were 
expressed and purified with N-terminal poly-histidine tags. The C-terminal sequences of these 
proteins are Mms6 (KSRDIESAQSDEEVELRDALA), m2Mms6 with -OH and -COOH side 
chains shuffled (KDRSIDEAQESDSVELREALA) and m3Mms6 with all 21 C-terminal residues 
in the C-terminal domain scrambled (QSLERAEDEDADISAVEKLSR). The remaining 
sequences of these proteins are identical.  
Size exclusion chromatography. Chromatography was performed at 4℃ in an AKTA FPLC 
system (GE healthcare) through prepacked Superose 12 10/300GL and Superdex Peptide 
10/300GL columns. Flow rates were 0.4-0.5 mL/min. All column samples were prepared by 
centrifugation at 14,000g at 4℃ for 1h before use.  
55
Fe
3+
 binding assays. Mms6 (100 nM or 1 μM) in 100 mM KCl was incubated with 55Fe 
(PerkinElmer) as ferric chloride (pH 3) or ferric citrate (pH 7.5) for 2h at 25℃. The samples were 
captured on nitrocellulose filters, washed and the 
55
Fe quantified.   
Dynamic light scattering (DLS). Mms6 (0.5 mg/ml) in 100 µL of 137 mM NaCl, 2.7 mM 
KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.2 at 25℃ was analyzed with a Zetasizer Nano-
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particle analyzer (Model: ZEN3690, Malvern Instrument Ltd., Southborough, MA). Each 
measurement consisted of 11 acquisitions of 10 s with 3 repeats. Data were processed by using 
Dispersion Technology Software 5.00 (Malvern Instrument Ltd). The buffer was filtered through 
a 0.45 μm nitrocellulose membrane and the protein samples were centrifuged for 1h (14000 x g, 
4 ℃) prior to use 
Atomic Force Microscope (AFM). Mms6(A133C) or Mms6(A131C) on a flat gold surface 
was scanned using AFM to explore the morphology of the protein on surface. Briefly, template-
stripped gold served as the substrate, which was prepared by resistively evaporating 250 nm of 
gold onto a 4-in. silicon wafer with an Edwards 306A resistive evaporator. Glass microscope 
slides were cut into 1 × 1 cm squares and sonicated in diluted 5% Contrad 70, deionized water, 
and ethanol (twice), each for 30 min, and dried under a nitrogen stream. The clean glass chips 
were glued to the gold-coated wafer with two-part Epotek 377 (Epoxy Technology, Billerica, MA, 
USA) and heated at 150 °C for 1.75 h. The glass chips were then gently detached from the silicon 
wafer. The sandwiched gold film remained on the topside of the glass chip to yield a smooth gold 
surface. Three µL of 0.2 mg/mL Mms6(A133C) or Mms6(A131C) in buffer BC100 (20 mM Tris, 
100 mM KCl, pH 7.5) was dropped on the gold substrate and incubated overnight at room 
temperature in a humid chamber created by a water-moistened filter in a sealed petri dish. The 
surface was then washed twice with BC100, 0.5% Tween 20 followed by two washes with 0.5% 
Tween 20 then dried under a nitrogen stream. AFM images were acquired using a Nanoscope III 
Digital Instruments/Veeco (Santa Barbara, CA, USA) in tapping mode. The diameter and length 
of the micelles on the reported image were obtained by measuring ~100 randomly chosen 
micelles. 
Magnetite nanoparticle formation. Magnetite nanoparticles were synthesized by co-
precipitation of FeCl2 and FeCl3 from aqueous solutions in the presence of Mms6 or its mutants. 
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Pluronic F127 polymeric aqueous gel was introduced into the synthesis, in order to slow the 
diffusion rates of the reagents to better mimic the conditions under which magnetite nanocrystals 
are formed in magnetotactic bacteria. Pluronic F127 aqueous solutions exhibit reverse 
temperature gelation, thus forming viscous gels at room temperature.  
In a typical synthesis, 100 µL of 25wt% Pluronic F127 solution and 100 µL protein solutions 
containing 20 µg of  of Mms6, m2Mms6, or m3Mms6 were added to a 5 mL degassed pear-shape 
flask. The flask was then degassed, filled with argon and incubated at 4°C for 30 min for the 
protein and Pluronic to mix. Then, the flask was degassed, added 50 µL of 0.5M FeCl3 and 50 µL 
of 0.25M FeCl2, and filled with argon. The flask was then incubated at 4°C again for mixing. The 
resulting solution was then brought to room temperature, and titrated slowly with the room-
temperature 1400 µL of 0.1 M NaOH solution under constant argon flow. As the titration 
progressed, there was a black particle layer formed on the top of the solution. Nanoparticles were 
allowed to grow and precipitate at room temperature in the argon purged and sealed flask for 5 
days, after which the precipitated nanoparticles were washed with degassed water three times 
before characterization.  
We also varied the concentration of the protein solution used in the synthesis (volume did not 
change), to test the protein concentration effect on the synthesis process. 
Transmission electron microscopy (TEM) characterization. Mms6 protein and magnetite 
nanoparticles were visualized with a Tecnai G2 F20 Scanning Transmission Electron Microscope 
(FEI Company, Hillsboro OR) at operating voltage 200 KV. Proteins were examined by 
transmission electron microscopy with negative staining achieved by using the single droplet 
procedure. Briefly, 10 µL of 0.2 mg/mL protein in 2 mM Tris-HCl (pH 7.5) were individually 
applied to carbon coated 200 mesh copper grids. After 3 min most of the protein solution was 
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wicked off with a filter paper and the spot covered by a droplet of fresh 2% uranyl acetate. Excess 
uranyl actate was removed after 30 s and the grids were air-dried at room temperature. To prepare 
TEM samples of magnetite nanoparticles, ten microliters of thoroughly washed concentrated 
suspension of magnetite nanoparticles were dispersed in 3 mL of H2O. Twenty microliters of 
diluted nanoparticle suspension prepared in this manner, were deposited on a holey carbon-coated 
copper grid and dried at room temperature under partial argon flow.  
Magnetization measurements were carried out by using a Quantum Design SQUID 
(Superconducting Quantum Interference Device) 5T MPMS (Magnetic Properties Measurement 
System). Under moderate argon flow, 30 µL of concentrated, washed nanoparticle suspension 
were injected into a double walled polycarbonate capsule. The samples were cooled in a zero 
applied field to 5K. A negative magnetic field of 5T was applied to ensure complete 
remagnetization of all nanocrystals and then reversed to 500 Oe to ensure complete magnetization 
reversal in each particle and to remove metastable states. 
6.3 Results and Analysis 
6.3.1 Two Distinct Phases of Iron Binding by Mms6 
The concentration dependence of Fe
3+
 binding to Mms6 was determined at pH 3. Under these 
conditions, two distinct phases of iron binding by Mms6 were observed (Figure 6.1). Scatchard 
plots of the data constituting the first high affinity phase revealed stoichiometric binding 
(Fe
3+/
Mms6 = 1:1). A Kd
app
 of 0.58 ± 0.03 μM was measured. A similar value of 0.43 ± 0.11 μM 
with a stoichiometry of 1.2 ± 0.2 was determined by isothermal titration calorimetry from an 
average of three experiments at pH 3.
14
 At pH 7.5, the Kd was measured to be 10
-16
 M.
14
 Thus, the 
Kd for high affinity binding affinity of iron is significantly lower at pH 3 than pH 7. This result 
suggests a conformational difference under the two conditions, for which evidence was obtained 
by Circular Dichroism (CD) spectroscopy. 
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The second binding phase has a much lower apparent affinity (Kd
app
 = 6 ± 4 μM) with an 
average of 19 ± 8 irons per Mms6. The m2Mms6 (shuffled C-terminal −OH and −COOH groups) 
and m3Mms6 (scrambled C-terminal sequence) were also tested for iron-binding under the same 
conditions as for Mms6. Both had lower affinities for iron than Mms6 and did not exhibit two 
phases of iron binding although m3Mms6 displayed low affinity and saturable iron binding 
(Figure 6.1). By contrast, the linear increase in binding by m2Mms6 at higher Fe
3+
 concentrations 
appears to be nonspecific. 
We speculate that both iron-binding phases are likely to be relevant to iron oxide crystal 
formation. The high affinity stoichiometric binding may contribute to the C-terminal domain 
adopting an appropriate conformation, whereas the second low affinity iron binding phase in 
which iron clusters on the protein cooperatively and at high stoichiometry is expected to be 
involved in crystal building.  
 
Figure 6.1 Two phases of iron binding by Mms6. Binding of Mms6 to free ferric iron was 
measured using 
55
FeCl3 with the filter assay. The reaction mixtures contained 100 nM Mms6 (●), 
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m2Mms6 (), or m3Mms6 (■) in 20 mM Tris-HCl, 100 mM KCl, pH 3. Incubation was for 2 h 
at 25 °C followed by collection and analysis by the filter assay. All data are the average of 
duplicate values. Error bars represent the standard deviations. 
The apparent molecular mass of Mms6 was determined by size exclusion chromatography, 
analytical ultracentrifugation, and DLS (Figure 6.2 A–C). These studies showed that Mms6 exists 
as large complexes at pH 3 and 7.5. The monomeric molecular mass of Mms6 is 10.2 kDa, but 
the peak of Mms6 passed through a Superose 12 column with the void volume, which suggests an 
apparent molecular mass of equal or greater than 300 kDa. Similar results were found at pH 7.5 
and 3 in the presence or absence of FeCl3. The observed sedimentation coefficients, distributed 
from 20 to 100S with the majority between 20 and 40S, also indicate that Mms6 forms large 
multimers with an estimated apparent molecular mass between 200 and 400 kDa. DLS 
measurement of Mms6 showed two particle sizes between which the protein mass is almost 
equally distributed. Peak 1 was 59% of the mass containing particles of 5.1 ± 1.5 nm radius with 
an estimated molecular mass of 200 kDa. Peak 2 was 41% of the protein mass and contained 
particles of 12 ± 6.5 nm radius and an estimated molecular mass of 2000 kDa. Although these 
latter particles contained a significant portion of the mass, they only represent 6% of all particles. 
Thus, the results of size exclusion chromatography, analytical ultracentrifugation and DLS 
studies show that Mms6 forms large multimers with most of the particles containing 20–40 
protein molecules. In their entirety, these results provide strong evidence that Mms6 forms a 
micellar quaternary structure with 20 -40 single protein units.  
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Figure 6.2 Mms6 self-assembles as micelles. Mms6 assembles into large multimers as shown by 
the following: (A) Size exclusion chromatography of Mms6 at pH 7.5 (solid line) or pH 3 in the 
presence or absence of 2 mM FeCl3 (dashed lines). Blue Dextran and vitamin B12 were 
chromophores included to indicate the positions of the void and salt volumes respectively. (B) 
The sedimentation velocity profile of Mms6. (C) Dynamic light scattering. 
6.3.2 Visualization of the Self-Assembled Mms6 
We visualized the assembled structure of Mms6 by transmission electron microscopy (TEM) 
using negative staining and atomic force microscopy (AFM) combined with surface 
immobilization (Figure 6.3). For this latter approach we used a mutant Mms6(A133C) in which 
the terminal Ala was replaced with Cys by which the protein was attached to the gold surface. We 
could clearly see from the TEM images that each protein assembly is different from the others. 
Whereas the wild-type Mms6 appeared as spherical aggregates of a variety of sizes (Figure 6.3B), 
the Mms6-A131C appeared as a lattice of protein (Figure 6.3C,G) and Mms6-A133C appeared as 
a combination of worm-like structures and spheres (Figure 6.3D–F). The possibility that the 
replaced cysteine might form inter-protein disulfide linkages was shown unlikely because the 
same images were obtained when 20 mM β-mercaptoethanol was included with each protein. The 
AFM images gave similar interpretations of the assembled structures of the two mutant proteins 
(Figure 6.3E–H). By TEM, we obtained the diameters of the wild-type protein spheres, which 
129 
 
were 21 nm. This measured diameter is of interest with respect to the size of magnetite particle 
formed in vitro by Mms6, which is reported as ~30 nm in diameter. 
The diameters of the Mms6(A133C) spheres were also measured by TEM and AFM as 27 
and 39 nm respectively. Although apparently slightly larger, the difference between the Mms6 
and Mms6(A133C) micelles was not significant as the coefficients of variation for these 
measurements (N > 80) were 14% and 18% for TEM and AFM respectively. Finally, dimensions 
of the Mms6(A133C) worms and the Mms6(A131C) lattice pieces were found to be the same by 
TEM and AFM, with the measurements being 15 × 92 nm and 16 × 86 nm respectively. Careful 
examination of the TEM images of Mms6 showed a number of very small particles, which had 
dimensions the same (14 nm) as the lattice and worm structures of the two A to C mutants.  
 
Figure 6.3 Mms6 and mutants visualized by atomic force microscopy (AFM) and transmission 
electron microscopy (TEM). (A–D) Negatively stained samples at 50 nm resolution of (A) Buffer, 
(B) Mms6, (C) Mms6(A131C), and (D) Mms6(A133C) were imaged by TEM; (E–H) AFM 
images of proteins immobilized on gold surfaces by a  
C-terminal cysteine; (E) Mms6 (A133C) amplitude image, scan area 5 μm × 5 μm,  
(F) Mms6 (A133C) height image, scan area 5 μm × 5 μm, and (G) Mms6(A131C) height image 
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with two maximum scale settings (3 µm above and 2 µm below the gray line);  
(H) Scale relevant to AFM height images in (F) and (G).  
6.3.2 Optimization of in vitro magnetite synthesis with Mms6 
Mms6 could form micelles, bind irons, and may have conformational change after iron 
binding, we believe that these properties will help it promote the bioinspired synthesis of 
magnetite in vitro. Since the mechanism by which Mms6 promote the formation of magnetite in 
the magnetotactic bacteria is not well understood, we tried different Mms6 concentration in the in 
vitro magnetite nanoparticles synthesis. The TEM results of the magnetite nanoparticles 
synthesized with different concentration of Mms6 are shown by Figure 6.4. Each image was 
selected by the criteria of closest to the average of the sample. Under our synthesis condition, the 
magnetite nanoparticles grown without Mms6 were less than 10 nm in diameter. The presence of 
Mms6 clearly increased the nanoparticles size. It is shown that as the Mms6 concentration 
increasing, the particles sizes increased slightly. The magnetite particle edges are clear and clean 
with the presence of Mms6, which is similar to that in Nature. These observations further 
confirmed the function of Mms6, and indicating its involvement in the Nature biomineralization 
process of magnetite. 
To better understand the TEM results and get average data on the nanoparticles, we did a bulk 
materials magnetic measurement study. A ferromagnetic particle becomes “superparamagnetic” 
below a critical size of the order of 100 nm, depending on the material.
11
 Its magnetization 
becomes thermally fluctuated. When the time between two magnetization fluctuations (Néel 
relaxation time) is shorter than the time used to measure the magnetization of the nanoparticles, 
without external magnetic field the magnetization appears to be average zero for the nanoparticles, 
which is superparamagnetism.
15
 Usually, the time used to measure the magnetization is not 
changing, while the temperature is changing. The blocking phenomenon (and its characteristic 
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“blocking” temperature, TB) is a signature of the superparamagnetic nanoparticle that depends on 
the particle size, degree of crystallinity, and interparticle interactions.
11
 Below TB, nanoparticles 
are “blocked”, which means that initially random magnetic moments of individual nanoparticles 
cannot readily align with the applied field. Above TB, the particles fluctuates fast, so the 
fluctuation time is shorter than the measurement time, thus, shows superparamagnetic property.
15
 
Experimentally, TB is marked by the peak in the M(T) curve measured upon warming after a 
magnetic field was applied at a low temperature to a zero-field-cooled sample (so called ZFC-W 
procedure). From Figure 6.5, we can see that the magnetite with 20 µg magnetite had the closest 
behavior to superparamagnetic nanoparticle, qualitatively. The Blocking temperature of each 
sample is shown by the inserted box in Figure 6.5. A cooperative curve between the blocking 
temperature and the Mms6 concentration is shown by Figure 6.6. The blocking temperature was 
increasing as the Mms6 concentration increased, except the one with 20 µg Mms6, which is also 
the one had the closest superparamagnetic properties. To ensure that the in vitro synthesized 
nanoparticles has larger size and are superparamagnetic, we chose to use 20 µg protein in all the 
following synthesis of magnetite nanoparticles. 
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Figure 6.4 TEM images of magnetite nanoparitcles synthesized by co- precipitation method with 
difference Mms6 concentrations. The total Mms6 amount used in each sample and its 
concentration is labeled on the image. 
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Figure 6.5 Temperature-dependencies of magnetization of the magnetite nanocrystals grown with 
different amount of Mms6. The blocking temperature for each sample is listed in the inserted box. 
 
Figure 6.6 The cooperation curve between blocking temperature of the magnetite nanoparticles 
and Mms6 concentrations. 
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6.3.3 Formation of Magnetic Crystals of Uniform Size and Shape Is Associated with a 
Defined Arrangement of Carboxyl and Hydroxyl Groups in the C-Terminal Domain of 
Mms6 
Mms6 and the two mutant proteins, m2Mms6 and m3Mms6, were used in the synthesis of 
magnetite nanoparticle, using the optimized condition. The particles formed were gathered and 
examined by TEM for morphology and size and by the zero field cooled (ZFC-W) procedure to 
measure magnetic characteristics. The sizes and shapes of the magnetite nanocrystals grown in 
the presence of Mms6, m2Mms6, m3Mms6, or no-protein were different, with only the Mms6-
grown crystals being large, with evidence of a crystalline lattice (Figure 6.7). Nanoparticles 
grown with Mms6 showed an elevated blocking temperature (TB), whereas particles grown in the 
presence of m2Mms6 showed the same profile as samples that contained no protein (Figure 6.7). 
The Mms6-templated magnetite nanocrystals exhibited the behavior closest to that expected of 
superparamagnetic magnetite particles. These results suggest that structure of the C-terminal 
domain is important for stability of the protein function. The mutants cannot promote the 
formation of magnetite nanoparticles as good as the wild type Mms6, which indicate the C-
terminal, or the carboxyl and hydroxyl groups at C-terminal is very important for the function of 
Mms6. 
6.4 Conclusions 
In conclusion, we investigated the quaternary structure and function of Mms6, a 
biomineralization protein with 59 amino acids that can promote the formation of magnetite 
nanoparticles in vitro. We demonstrated that Mms6 forms a unique micellar quaternary structure 
in vitro that may provide a surface for magnetite crystal formation. We also quantitatively 
determined the binding profile of Mms6 with ferric iron and demonstrate that Mms6 has two 
phases of iron binding, the first is stoichiometric and very high affinity and the second is low 
affinity, high capacity, and cooperative with respect to iron. We optimized the Mms6 amount for 
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the in vitro synthesis of 30-50 nm magnetite nanoparticles with superparamagnetic properties. We 
also identified the C-terminal domain of Mms6 to be the functional domain. Taken together, these 
in vitro studies provide valuable insight toward understanding the mechanism of magnetite 
nanoparticle formation promoted by Mms6.  
 
 
Figure 6.7 Mms6 promotes the formation of superparamagnetic nanoparticles of uniform size and 
shape. (A) Temperature-dependencies of magnetization of the magnetite nanocrystals grown in 
the presence of Mms6, m2Mms6, m3Mms6, or no-protein and TEM images showing their sizes 
and shapes. (B) Image of magnetite nanocrystals formed in the presence of Mms6 taken at 
360000-fold magnification, along with the Fast Fourier Transform that reveals the presence of a 
crystalline lattice. (C) Mean sizes and blocking temperatures of the particles shown in A. The 
analysis of magnetite crystal size was performed on numerous micrographs (total > 1000 particles 
measured) obtained in the bright field mode. Shown are the mean values and the standard 
deviation of the mean. 
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Chapter 7 Iron-induced structural change of the biomineralization 
protein Mms6 in solution 
Xunpei Liu, Honghu Zhang, Wenjie Wang*, Shuren Feng, David Vaknin, Mufit Akinc, Marit 
Nilsen-Hamilton, and Surya K. Mallapragada* 
This chapter is modified from a paper to be submitted to Biomacromolecules. My contribution to 
this work includes experimental design, dynamic light scattering (DLS) measurements and 
analysis, transmission electron microscopy (TEM), and small angle X-ray scattering (SAXS) 
measurements. The SAXS analysis was done by our collaborator.  
 
Abstract 
Magnetotactic bacteria produce magnetic nanocrystals with uniform shapes and sizes in 
Nature. The formation of such uniform magnetic nanocrystals under physiological conditions has 
inspired the use of the biomineralization protein Mms6 to promote the formation of uniform sized 
magnetite nanocrystals in vitro. To better understand the role of Mms6  in the nanocrystal 
formation in vitro, and to investigate the interactions between the protein and iron, we designed 
small angle X-ray scattering (SAXS) experiments to study the protein in the presence of iron. 
Dynamic light scattering (DLS) and transmission electron microscopy (TEM) were also used as 
complementary tools. By fitting and analyzing the SAXS data, it is found that before adding iron 
ions, the Mms6 protein exists as spherical micelles in solution with a diameter of around 10 nm. 
Adding iron ions to the Mms6 solution induced a structural change in the protein. Aggregates 
with sizes larger than 75 nm formed after adding iron ions to Mms6 solution, which were 
probably due to the self-assembly of protein and iron. This investigation provides direct evidence 
of interactions between Mms6 and iron. The change in the size and shape of the protein is also 
important for understanding the Mms6 mineralization mechanism in vitro and optimizing the 
synthesis conditions.   
Key words:  Mms6, SAXS, DLS, TEM, aggregates 
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7.1 Introduction 
Many organisms in Nature have the capability of creating hierarchical  inorganic structures 
that they use for a variety of purposes such as supporting, protection, and direction.
1
 In this class 
of organisms, magnetotactic bacteria produce magnetic nanocrystals with uniform shapes and 
sizes to direct themselves to move under local geomagnetic field lines.
2
  The formation of such 
uniform magnetic nanocrystals under physiological conditions has inspired researchers to develop 
bioinspired approaches involving biological macromolecules from magnetotactic bacteria for the 
in vitro room-temperature synthesis of many different magnetic nanomaterials.
2–5
  
Mms6 is a biomineralization protein found associated with the magnetite nanocrystals inside 
the magnetosomes of Magnetospirillum magneticum AMB-1, and it  has been shown to promote 
the formation of superparamagnetic magnetite nanocrystals  under room temperature and mild 
conditions in vitro.
3
 In fact, in addition to the formation of uniform magnetite nanocrystals in 
vitro, Mms6 has been found to promote the room temperature synthesis of other uniform 
magnetic nanocrystals such as cobalt ferrite in vitro.
4
  This is particularly interesting, since cobalt 
ferrite nanocrystals do not occur in nature in magnetotactic bacteria or in other living organisms. 
Such magnetic nanoparticles have many applications, such as contrast agents in magnetic 
resonance imaging (MRI), high density data storage, drug targeting and delivery.
3
 Therefore, 
many research efforts have been focused on synthesizing different kinds of magnetic materials in 
vitro in the presence of Mms6, and understanding the biomineralization mechanisms of Mms6. 
Tanaka et al proposed that Mms6 forms a scaffold in the magnetosome membrane that brings 
together proteins responsible for forming the magnetic particles in vivo.
6
 Additional progress  has 
been made recently in understanding the structure and properties of Mms6 in vitro. Mms6 is an 
amphiphilic protein with a hydrophobic N-terminal domain and a hydrophilic C-terminal domain. 
140 
 
The protein self-assembles into micelles in solution and the C-terminus can bind iron with very 
high affinity.
7
  
However, the role of Mms6 in the formation of magnetic nanocrystals in vitro is still 
unknown, although the first successful synthesis of magnetite nanocrystals using Mms6 was 
reported a while ago.
3,8
 It is very challenging to study the interactions between the protein and the 
iron precursor in solution without significantly impacting their state and composition. Most 
recently, due to the development of synchrotron sources, small angle X-ray scattering (SAXS) 
has attracted much interest because of its unique advantages in the study of comprehensive 
structural characterization of biological macromolecular complexes in solution.
9
 It provides 
overall three-dimensional structures and allows to quantitatively characterize equilibrium 
mixtures or flexible systems.
10
 Compared to other structural characterization techniques, SAXS 
can be performed near physiological conditions without damaging the samples, which is very 
critical to characterize biological samples. 
In this study, we investigate the interactions of the Mms6 protein with iron precursors under 
the conditions involved in magnetite nanocrystal formation in vitro, and characterize the solution 
system using SAXS, and by dynamic light scattering (DLS) and transmission electron 
microscopy (TEM) as complementary characterization techniques. The hypothesis is that Mms6 
micelles are mobile in solution, and in the presence of iron ions, Mms6 drives the fusion and 
formation of larger protein and iron islands that can eventually facilitate nanocrystal formation. 
Our results show that in the presence of iron ions, larger protein-iron aggregates formed, which is 
probably the reason why Mms6 promotes the formation of larger superparamagnetic magnetite 
nanocrystals in vitro. This study opens up a new perspective of understanding the 
biomineralization mechanism of Mms6 and is very crucial in being able to developing synthetic 
analogs of the Mms6 biomineralization protein.  
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7.2 Experimental Section 
7.2.1 Solution sample preparation for SAXS and DLS 
To investigate the interactions between Mms6 and iron ions in solution, we prepared two sets 
of samples with varying iron ion or with varying protein concentrations. For the samples with 
fixed iron ion concentrations but varying protein concentrations, the final FeCl3 and FeCl2 
concentrations were maintained at 83 mM and 42 mM, respectively, while the final protein 
concentrations were either 0.067, 0.2, 0.33, or 0.67 mg/ml. For the samples with fixed protein 
concentration, which was set at 0.2 mg/ml, the iron ion concentrations were diluted 10, 100, and 
1000 times compared to the other set of samples with fixed iron ion concentrations. All samples 
were in Tris buffer with 6.67 mM Tris and 33.33 mM  Cl. The samples were stored under 4 ˚C, 
and brought up to room temperature for 2 hours before measurements. 
7.2.2 SAXS measurements 
SAXS measurements were conducted using synchrotron radiation at beamline 12ID-B, 
Advanced Photon Source (APS), Argonne National Laboratory. Sample solutions were loaded 
into a flow cell (capillary tube, 1 mm in diameter) that is vertically mounted and normal to the X-
ray beam. During the X-ray exposure period, the solutions flowed up and down at a constant rate 
controlled by a Hamilton Microlab 600 diluter. Detector Pilatus 2m, pixel size 0.172 mm, X-ray 
energy 14.0 keV and sample-to-detector distance 2027.66 mm were used to collect the data. 
Exposure times were carefully chosen to avoid apparent radiation damage while still give good 
signal/noise ratio. The data was averaged from 20 single measurements for each sample. The two-
dimensional (2D) data, after correction (normalization of incident beam intensity, background 
subtraction, and so forth), were integrated to a one-dimensional intensity function, I(q), where the 
scattering wave vector q = 4 π sin(θ)/ λ, 2θ being the scattering angle and λ being the X-ray 
wavelength.  
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7.2.3 DLS measurement 
The size of the nanostructures in the solution were determined using quasi-elastic light 
scattering (Zetasizer Nano, Model: ZEN3690, Malvern Instruments Ltd.) with laser irradiation at 
633 nm. These solutions were placed in cuvettes to measure the scattering. Each measurement 
consisted of 17 acquisitions of 10 s. The DTS (Nano) software was used to obtain the number 
percentages of different sized structures in each sample. 
7.2.4 TEM imaging 
To directly visualize the assembled structure of Mms6, proteins were examined by 
transmission electron microscopy (TEM) with negative staining achieved by using the single 
droplet procedure.
11
 Because high iron concentrations result in TEM samples that are too thick 
too for electron transmission, a diluted Fe
3+
: Mms6 molar ratio of 1:8 was used to observe any 
iron induced change in Mms6 using TEM. Briefly, 10 µL of 0.067, 0.2 or 0.67 mg/ml 
concentration protein samples in 2 mM Tris-HCl (pH 7.5) were individually applied to carbon 
coated 200 mesh copper grids. After 3 min, most of the protein solution was wicked off with a 
filter paper and the spot covered by a droplet of fresh 1% Sodium Silicotungstate (NaSiW). 
Excess NaSiW was removed after 30 s and the grids were air-dried at room temperature. TEM 
imaging was performed using a Tecnai G2 F20 Scanning Transmission Electron Microscope 
(STEM) (FEI Company) at an operating voltage of 200 kV. Multiple areas of each sample were 
examined. Measurements of structure sizes were determined by using Nano Measurer software 
from TEM images with at least 200 different micelles measured for each sample.   
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7.3 Results and analysis 
7.3.1 DLS  
DLS measurements (Figure 7.1) show that the filtered solution containing iron ions has a 
peak around 1 nm, which is consistent with the SAXS data. The three thinner dashed lines in 
Fig.1 stand for the Mms6 solution with different concentrations, 0.067, 0.2 and 0.67 mg/ml, and 
the corresponding average structure sizes are 12.5, 10.3, and 10.0 nm, respectively. Generally, the 
Mms6 micelles have an average diameter about 10 nm, and concentration has little impact on the 
micelles’ size. These results are also consistent with the DLS data reported earlier, where the 0.5 
mg/ml mms6 had average structure size of 10.2 nm.
2
  
Adding iron ions to the Mms6 solution caused a significant size increase, as shown in Fig.1. 
The mixtures of Mms6 and iron ions with Mms6 concentrations of 0.067, 0.2 and 0.67 mg/mg 
have average nanoparticle sizes of 40.4, 76.1, and 86.2 nm, respectively. Iron ions caused the 
Mms6 micelles to self-assemble and form larger aggregates, which may help the magnetite 
formation mediated by Mms6 in vitro.
2
 This shows that iron ions can introduce nanostructure 
changes of the protein in solution, and these changes occur prior to the addition of sodium 
hydroxide to grow magnetite nanocrystals in vitro. The formation of the larger Mms6/irons 
aggregates in solution also explains the reason for larger magnetite nanocrystals formed in the 
presence of Mms6.
2,3
 We can see that for all the Mms6 concentrations, the size distribution gets 
larger up on addition of iron ions, which may be due to the high iron ions concentrations  used, 
and may also be due to a single Mms6 protein cannot work as efficient as the protein complexes 
inside the magnetotactic bacteria. 
Besides, the DLS results are very consistent with the SAXS data fitting indicating Mms6 
micelles’ sizes with or without iron ions. SAXS is a powerful tool to study the micelles that are 
less than 30 nm in solution, and DLS provides good supplementary data for larger size ranges.  
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Figure 7.1 Dynamic light scattering measurements of iron ionss solution, different concentrations 
of Mms6 solutions and solution mixtures of iron and Mms6. For the samples with iron, the final 
FeCl3 and FeCl2 concentration are 83 mM and 42 mM, respectively. 
7.3.2 TEM 
Due to the limitation of TEM with respect to high iron ion concentrations, we used 
Fe
3+
:Mms6 molar ratios of 1:8 in our TEM samples. We have reported earlier that only Fe
3+
 binds 
Mms6, and has very high affinity.
2,12
 This ratio was chosen because we have previously observed 
a structural change in Mms6 in the presence of iron ions at this ratio using Circular Dichroism 
spectroscopy.
7
 Figure 2 shows the TEM images of Mms6 micelles in the presence and absence of 
iron ions for the highest (0.67 mg/ml) and lowest protein concentrations (0.067 mg/ml). The 
average micelles’ sizes for Fig.2 A, B, C, and D are 13.4±3.1, 18.2±3.6, 13.1±3.5, and 26.3±9.5 
nm, respectively.  
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The TEM results are very consistent with the DLS studies that show that the presence of the 
iron ions caused the micelles sizes to increase, although for the TEM studies, the increase was not 
as pronounced because of the much lower iron ion concentrations used; and the iron ions also 
caused a wider size distribution. The average sizes for the pure Mms6 protein suggested by DLS 
and TEM are also very close for each sample. The average sizes for the mixture of Mms6 and 
iron suggested by TEM is less than that suggested by DLS, which is due to the much lower iron 
concentration used for the TEM samples. Figures 7.2C and D have much higher micelle 
concentrations than Figures 7.2A and B, because of the higher Mms6 concentration. TEM 
provides a direct visualization of the micelles, and is a good complementary technique for the 
scattering experiments. 
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Figure 7.2 TEM images of A) 0.067 mg/ml Mms6; B) 0.067 mg/ml Mms6 with iron; C) 0.67 
mg/ml Mms6; D) 0.67 mg/ml Mms6 with iron. The diameter size distribution is on the right of 
each image. The scale bar is 50 nm. 
7.3.3 SAXS 
SAXS data for Mms6 solution at three concentrations, 0.20, 0.33, and 0.67 mg/mL, are 
presented in Figure 3 (a). To estimate the size of the Mms6, the Mms6 micelles are assumed as 
spherical and uniform in scattering length density (SLD), and characterized with hypothetical 
radii distributions accounting for polydispersity. Figure 3 (b) presents a Gaussian distribution and 
Schultz distribution that can best-fit SAXS data in (a), suggesting the micelles’ radii are R ≈ 51 ± 
11 Å, which is almost identical to the diameter measured from dynamic light scattering. 
The SAXS from the mixture of 83 mM FeCl3 and 42 mM FeCl2 (high iron ions concentration) 
solution is displayed in Figure 3(c) and is much lower than SAXS from Mms6 at intermediate-q 
range. Assuming there are no interactions between Mms6 and iron, the mixture of iron and Mms6 
would be the sum of the SAXS from each. The sum of scattering from each component (iron and 
Mms6) is also shown in (c), comparing with the actual scattering obtained from the mixture. The 
data shows that the mixture of Fe
3+
 /Fe
2+
 and Mms6 enhance the SAXS within the measured q-
range, as shown in Figure 3 (c), suggesting that interactions do occur upon mixing Mms6 and iron. 
The SAXS from the mixture features a power-law behavior within the intermediate q-window, 
where Guinier-law is valid for Mms6 in the absence of iron. We argue that if the probed SAXS 
still originates from Mms6, it would correspond to a much larger globular structure with its 
Guinier law region shifted to a much lower q-range thus out of current q-window.  
 Therefore, we propose that adding iron ions to the Mms6 solution introduced formation of 
aggregates in the solution, due to the protein and iron interaction0introduced self-assembly, and 
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the estimated lower limit of the aggregates diameter is 75 nm, assume the aggregates are close to 
spherical structure. This is quite close to the dynamic light scattering results. 
Figure 3(d) shows the enhancement of SAXS intensity within current q-window as a function 
of iron concentration. With very dilute iron concentration (1/1000 dilution), there are already 
perceivable changes at low-q, indicating as a small bending up. At 1/100 dilution and 1/10 
dilution, SAXS enhancements are clearly seen, which confirmed the protein-iron interaction.  
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Figure 7.3 (a) SAXS data for solutions of Mms6 at concentration of 0.2, 0.33 and 0.67 mg/ml as 
indicated by symbols of circles, squares, and triangles, respectively. (b) Hypothetical radii 
distribution function f (R) that best fit the SAXS data in (a). (c) The SAXS data of an iron 
solution and its sum with that of Mms6 solution as a hypothetical intensity from their mixture if 
each of them scatters independently. The experimental intensity data from such a mixture 
manifest a power- law behavior. (d) SAXS data of Mms6 solutions at 0.2 mg/ml with different 
amount of iron ions. The initial FeCl3 and FeCl2 concentration were maintained at 83 mM and 42 
mM, respectively, and diluted 10, 100, and 1000 times. The dashed-line represents the SAXS data 
in the absence of iron. Solid lines are the best fit. Dotted-line and dashed-dotted line are the form 
factor P(q) for the structure factor s=1 and s=0 for iron concentration at 1/10 dilution, 
respectively.  
7.4 Conclusions 
SAXS, DLS and TEM were used to investigate the interaction between Mms6 and iron ions 
in solution, to investigate the size and shape change in the iron binding process. It is found that 
before adding iron ions, the Mms6 protein existed as spherical micelles in solution with the 
diameter of around 10 nm, which confirmed by DLS, SAXS and TEM. Iron induced the protein 
structure change in solution, confirmed by SAXS. Large aggregates with sizes larger than 75 nm 
formed after adding iron ions to the Mms6 solution, indicated by the SAXS data, and DLS and 
TEM also clearly showed the nano structure size increasing after adding iron ions. The conditions 
of this study were designed to be identical with the magnetite nanocrystals synthesis in the 
presence of Mms6 in vitro; therefore, it provides direct evidence of Mms6 and iron interaction, 
and size and shape change information that is important for understanding the Mms6 
mineralization mechanism in vitro and optimizing the synthesis conditions.   
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Chapter 8 Conclusions and future work  
8.1 Conclusions  
A family of self-assembling tri- and pentablock copolymers and their conjugates with 
biomineralization proteins and peptides were synthesized and used as templates for 
biomineralization. In aqueous media, these templates can self-assemble into nanoscale micelles or 
macroscale gels depending on the changes in temperature and pH.  
We have focused on bioinspired self-assembling calcium phosphate nanocomposites using 
self-assembling block copolymers as templates and adding a small amount of citrate to control the 
nanocrystal size. By using similar concentrations of citrate as seen in native bone, we have 
successfully produced apatite nanocrystals of similar sizes and morphologies as in natural bone. 
We have shown that citrate stabilizes HAp over other calcium phosphate species without 
disturbing the supramolecular structure of the polymer gel. The crystal size of HAp can be fine-
tuned on the nanometer scale by varying the citrate concentration, similar to that seen in native 
bone.  
Using a very similar biomineralization method, we synthesized mesoporous zirconia, using the 
block copolymer- lysozyme conjugate and pentablock copolymer as templates. The mesoporous 
zirconia synthesized with our templates showed much higher surface area, smaller crystal size, 
and improved thermal stability, than that synthesized without template. To the best of our 
knowledge, this is also the first report of synthesis of mesoporous zirconia in completely aqueous 
media. This will further extend the use of biomolecules and bioinspired method for zirconia 
synthesis. 
We have developed and optimized a novel, room-temperature bioinspired route to synthesis of 
fairly uniform magnetic nanoparticles in vitro, using the recombinant protein, Mms6, found in the 
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magnetosomes of magnetotactic bacteria. We have investigated the structure and mechanism of 
action of Mms6. The protein forms micelles in aqueous media, with 20-40 protein units. Mms6 
has two phases of ferric iron binding, the first is stoichiometric and very high affinity and the 
second is low affinity, high capacity, and cooperative with respect to iron. Understanding the 
behavior of Mms6 is important in using this protein for other magnetic materials synthesis, as 
well as for developing potential synthetic analogs of the biomineralization proteins. 
8.2 Future work 
Ongoing and future work is focused on magnetic nanocrystal synthesis based on Mms6 and 
block copolymer templates. In the future, we will continue to use the protein Mms6 to promote 
shape and size selective synthesis of more complex magnetic materials. As we have successfully 
synthesized cobalt ferrite in the presence of Mms6 in vitro,
1
 we will expand our work to synthesis 
of other magnetic organic-inorganic nanocomposites to explore the bioinspired synthesis of 
complex multifunctional oxides in the presence of Mms6, such as magnetic materials with 
included rare earth elements, and manganese ferrite. We will also try to create reversible 
assembly/disassembly of the magnetic nanocrystals on surfaces, based on the Mms6 mediated 
synthesis of magnetite nanoparticles. This will enable the formation of tunable and dynamic 
“smart” structures with different hierarchical structures and magnetic properties in response to 
different environmental stimuli. The first step in forming the dynamic structures is to find an 
appropriate surface for the attachment/detachment of protein Mms6, and synthesize magnetite 
nanoparticles on surfaces.  
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8.2.1 Magnetic metal complex materials 
8.2.1.1 Rare earth elements included magnetic materials synthesis 
Nanocrystalline rare-earth orthoferrites LnFeO3 (Ln = lanthanide elements) have drawn great 
attention because of their excellent physical and chemical properties for various applications. 
These compounds with perovskite structures can be used as catalysts, cathodes in solid oxide fuel 
cells, sensor materials, magneto-optic materials, and so on.
2,3
 These compounds are usually 
synthesized by heating the corresponding metal oxides in a stoichiometric ratio at relatively high 
temperatures (600 ˚C to 1000 ˚C).2 We are exploring the use of the mineralization protein Mms6 
and our bioinspired synthesis method to synthesize magnetic materials that include rare earth 
elements. We hypothesize that Mms6 can help to form magnetic complex materials at relatively 
low temperatures, with controlled size and shape. We have evidence showing that protein Mms6 
can bind the ion La
3+
, especially at higher pH (about 7).
4
 We have also explored using gadolinium 
ions (Gd
3+
) to replace some of the Fe
3+
 ions, and the XRD results showed that the sample with 
Mms6 shows formation of more gadolinium oxide containing nanocrystals, as shown by Figure 
8.1.  
Based on the evidence and the initial studies, we will continue to optimize the synthesis 
conditions for forming magnetic complexes at relatively low temperatures. Figure 8.2 shows the 
method we used to synthesize magnetite nanoparticles in Chapter 6. Rare-earth elements will bind 
to Mms6 and precipitate at relatively high pH (about 6-7), while the iron will precipitate at lower 
pH (about 2-3). The method shown in Figure 8.2 would create a pH gradient, which could cause 
the separate precipitation of gadolinium and iron ions. In the future, we will use a reverse order of 
mixing the reagents. Instead of injecting NaOH into the precursor mixture, we will inject the Ln
3+
 
and Fe
3+
 ions into the NaOH solution. In this way, we anticipate that the different ions could co-
precipitate and form a compound. If necessary, we will heat the reaction system. 
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Figure 8.1 XRD of Gd-Fe oxides synthesized at room temperature: with Mms6 (red &top line) 
and without Mms6 (blue & lower line) 
 
Figure 8.2 Scheme for the method used for synthesis of magnetite in Chapter 6.  
 8.2.1.2 Manganese ferrite synthesis 
Spinel-type ferrite nanoparticles (MFe2O4, where M= Fe, Co, Mn, etc.) have outstanding 
properties such as large surface area to volume ratio, superparamagnetic behavior, and high 
saturation magnetization.
5
 We have successfully synthesized shape and size selective magnetite 
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(Fe3O4) and cobalt ferrite (CoFe2O4) nanocrystals mediated by the mineralization protein Mms6.
1
 
MnFe2O4 has been widely used in electronic applications and contrast-enhancement agents in 
magnetic resonance imaging (MRI) technology.
6
 We have successfully synthesized MnFe2O4 
using the bioinspired method we developed before, without the presence of Mms6, as the XRD 
result shown by Figure 8.3. We will add Mms6 to the synthesis, and try to control the magnetic 
nanoparticle size and shape. 
 
Figure 8.3 XRD of the MnFe2O4 synthesized without the presence of Mms6 
8.2.2 Synthesis of magnetite nanoparticles on surfaces  
While most of the work on bioinspired synthesis in this doctoral thesis has focused on bulk 
synthesis, extending these approaches for magnetic nanocrystal synthesis to the surface can allow 
for control of patterning of nanocrystals on different surfaces and for the development of 
reversible dynamic nanostructures. 
8.2.2.1 Copper coated glass surface 
The first kind of surface we chose for Mms6 attachment is a copper coated glass slide 
(MicroSurfaces, Inc.), shown as Figure 8.4. The Mms6 has a Polyhistidine-tag (his-tag), which is 
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used for affinity purification of the recombinant Mms6 by nickel column. The copper can bind to 
the his-tag stronger than nickel. Thus, the Mms6 could be linked to the surface using the his-tag 
without much interaction with the amino acid sequence of the protein, to help maintain the 
function of Mms6. 
 
Figure 8.4 Copper coated surface for Mms6 attachment 
We have synthesized magnetite on the copper surface with and without protein, and the 
atomic force microscopy (AFM) images are shown in Figure 8.5. We can see that there are many 
particles on the surface with protein Mms6, as it can promote the size and shape selective 
synthesis of magnetite. The protein also acted as glue, binding to the nanoparticles; therefore, the 
magnetite nanoparticles could not be washed away from the surface.  
The future work in this direction will include controlled deposition of the Mms6 protein layer, 
and characterization of the nanoparticles by TEM and XPS. We can see from Figure 8.5 that the 
nanoparticles were not uniformly distributed on the surface, which may due to the uncontrolled 
method of adding the protein solution onto the surface, and due to the micelles formed by Mms6. 
We will reduce the concentration of the precursor chemicals used in the synthesis of magnetite, as 
there are too many nanoparticles seen in the left images of Figure 8.5, even after washing. XPS 
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and TEM techniques will help to confirm the formation, shape and size of the magnetite 
nanoparticles. 
 
Figure 8.5 AFM images of magnetite synthesized on the copper coated surfaces with the precence 
of Mms6 (left), and without Mms6 (right). The downside are the bright microscope images taken 
at the surface. AFM scan size: 5μm×5μm 
8.2.2.2 Gold coated glass surface 
The second kind of surface we chose for attaching the Mms6 is a flat gold surface. Recently, 
there is increasing research attention paid to using gold as substrate for protein microarrays and 
microsensors.
7,8
 The thiol-gold linkage is widely used to attach proteins and peptides to gold. Our 
collaborator, Dr. Nilsen-Hamilton, has synthesized two mutants of Mms6, changing the 64
th
 or 
the 62
th
 amino acid to cysteine, which has an –SH function group for gold linkage. We have used 
the two mutants in our solution synthesis of magnetite nanoparticles, to ensure that the mutants 
retain the native protein’s function. The TEM images shown in Figure 8.6 show that these 
mutants generated magnetite nanoparticles very similar to those generated in the presence of the 
wild type Mms6. Magnetic measurements also led to the same conclusion. 
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Figure 8.6 TEM images of the magnetite nanoparticles mediated by 62C-Mms6 and 64C-Mms6 
In the future, we would first fabricate a flat gold surface, then deposit the –SH mutants to the 
surface, or deposit a Mms6 protein pattern on the gold surface. The gold coated surface with 
immobilized Mms6 can be used to create a magnetite nanoparticle layer or a magnetite 
nanoparticles pattern. To achive the reversible linkage between Mms6 and the gold surface, thiol 
modified DNA molecules will be used as a reversible linker for the Mms6 attachment/detachment 
to the DNA surface, as shown by Figure 8.7.
9-12
  
 
Figure 8.7 DNA as a reversible linker between gold surface and Mms6 
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Since Mms6 is an amphiphilic membrane protein with a hydrophobic N-terminus and a 
hydrophilic C-terminal end, we investigated the effect of surface hydrophobicity on Mms6  
structure and function on surfaces. We modified the gold surface with 1-octadecanethiol (ODT), 
which genetarated a very hydrophobic surface. The hypothesis is that the N-terminal groups of 
Mms6 protein in Nature are embeded in the phosphate lipid bilayer in the memberane, and C-
terminals interact with the iron ions and promote the formation of magnetite nanoparticles. Our 
eailer results also showed that C-terminal is binds iron ions, and is very important for the in vitro 
magnetite growth in the presence of Mms6.
13
 We incubated the Mms6 or M2 (a mutant with 
carboxyl and hydroxyl group switched in the C-terminals of Mms6) on the hydrophilic (gold) or 
hydrophobic surface (ODT coated gold) overnight under 4 ˚C, and then washing off the excess 
protein. The M2 has been shown in earlier studies (chapter 6) to not promote the formation of 
surperparamagnetic magnetite nanocrystals in vitro in the bulk, unlikethe wild type Mms6. The 
proteins were physically adsorpted onto the surface.  The magnetite nanoparticles were 
synthesized on the different kinds of surfaces under aqueous and room temperature conditions. 
We can see that Mms6 formed micelles on the hydrophilic gold surface (Figure 8.8 D), very 
similar to its structure in aqueous solution as we reported before; while it formed larger 
aggragates, similar to a network on the ODT coated gold surface (Figure 8.8 E). On the ODT 
coated hydrophobic surface, there might be more interactions between the Mms6 proteins, and 
the protein may have mobility inside the network. The mutant M2 only formed very small 
micelles/structures on both the gold and ODT surfaces, which indicated that the original structure 
and function may have changed in the mutant, and which might suggest the importance of the 
network structure in the formation of the surperpapramagnetic nanocrystals.  
Figure 8.9 shows the AFM images of magnetite formed on different kinds of surfaces. We 
can see that the magnetite formed in the presence of Mms6 (Figure 8.9 A,B) had larger size than 
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that without Mms6 (Figure 8.9 C). This confirmed Mms6’s function of promoting magnetite 
growth. Comparing Figures 8.9 A and B, the magnetite nanoparticles formed on the ODT 
surfaces are larger, which is probably corelated to the Mms6 forming larger protein network on 
the ODT surface, and this structure being closer to its role as a membrane protein in Nature.  
This investigation is very important for further understanding the Mms6 biomineralization 
mechnism and optimizing the condition of magnetite nanoparticles’s formation on surface, and 
eventually fabricating the patterned magnetic arrays on surfaces. 
 
Figure 8.8 AFM images of A) gold surface; B) ODT coated gold surface; C) M2 on gold surface; 
D) Mms6 on gold surface, scan size 2μm×2μm; E) Mms6 on ODT coated gold surface; F) M2 on 
ODT coated gold surface. Scan size is 5μm× 5μm for image A), B), C), and F). 
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Figure 8.9 AFM images of magnetite nanoparticles synthesized on A) Mms6 coated gold surface; 
B) Mms6 and ODT coated gold surface; C) ODT coated gold surface 
These future studies will therefore focus on the synthesis of complex magnetic materials 
using the bioinspired approaches, both in bulk as well as the surface. The ability of the magnetic 
nanocrystals to bind to the Mms6 will be exploited for patterning of magnetic nanocrysals on 
surfaces using a variety of different linkages. The use of DNA and other linkages will potentially 
allow for reversible assembly/disassembly of nanoparticles at surfaces, providing dynamic 
nanostructures. 
In summary for this doctoral thesis, we were able to design tailored functional organic 
templates for room-temperature bioinspired synthesis. We have developed a robust method with 
control over the formation as well as placement of an inorganic phase in the nanocomposite 
structure, for a variety of different inorganic nanoparticles, such as calcium phosphate, zirconia 
and magnetic nanoparticles. The future work will be focused on using biominerlization proteins 
to create functional dynamic magnetic materials and nanostructures both in solution and on 
surfaces. 
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